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Abstract
Kenneth Fortino: Organic Matter Processing in Arctic Lake Sediments
(Under the direction of Stephen C. Whalen)
Lakes are a common landscape feature in the arctic and interact with carbon cycling
through the sequestration of organic matter in their sediments. My research assessed the
relative importance of landscape- and within-lake-scale factors on organic matter cycling
in arctic lake sediments. Sediment organic matter mineralization (measured as sediment
oxygen demand) varied between -8 and 40 mmol O2 m
-2 d-1 and was proportional to water
temperature and oxygen concentration. There was greater variation in organic matter
mineralization within lakes than between lakes, suggesting that variation in mineralization
occurs primarily at the within-lake scale. At the both the landscape- and within-lake-
scale, sediment slurries with greater percent organic matter had a higher rate of dissolved
inorganic carbon (DIC) production and the eﬀect of oxygen exposure on DIC production
was greatest in those sediments with the lowest percent organic matter. Despite the
variation in mineralization, organic matter content of the sediments (17 to 69%) varied
primarily among lakes (i.e., at the landscape-scale) and was driven by organic matter
inputs via benthic primary production. My results suggest that the attenuation of light
by dissolved organic carbon in the water indirectly inﬂuences organic matter storage in
arctic lake sediments. In addition to the direct limitations of organic matter input via
benthic photosynthesis, the amount of light attenuation indirectly alters sediment organic
matter cycling via changes to the distribution of temperature and oxygen within the lake.
Light attenuation was inversely proportional to the depth of thermal stratiﬁcation, which
determines the distribution of temperature and oxygen in stratiﬁed lakes. I estimated
iii
that a doubling of the light attenuation would result in a 30% decrease in the area of
the sediments exposed to the relatively warm and oxygenated waters of the epilimnion.
The interconnection between these factors provides a potential climate change feedback to
arctic carbon cycling. Changes in terrestrial organic matter inputs to lakes due to climate
change will alter transparency and the depth of the thermocline, changing the distribution
of light, temperature and oxygen in the lake and thus the factors limiting the production
and decomposition of organic matter in the lake sediments.
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1 Benthic organic matter processing in lakes
Globally lakes are estimated to cover > 3% of the area of the Earth’s landmasses and small
lakes (< 1 km2) represent approximately 54% of the area covered by freshwater (Downing
et al., 2006). Nearly all of the world’s lakes are net heterotrophic systems and export CO2
to the atmosphere (Cole et al., 1994). These emissions account for approximately 15% of
the total CO2 production from freshwater systems annually (Cole et al., 2007). However,
lakes are simultaneously a sink for organic carbon via the burial of organic matter in their
sediments (Cole et al., 2007; Sobek et al., 2009). Organic matter sequestration in lake
sediments is estimated to represent 22% of total annual carbon burial in all freshwater
systems (lakes, reservoirs, wetlands, and groundwater) (Cole et al., 2007).
1.1 Organic matter accumulation in lake sediments
The impact of sediment processes on whole-lake or landscape carbon cycling depends on
both the rate of organic matter inputs to lake sediments and the fate of the material once
deposited. The areal burial rate of organic matter in lake sediments can vary dramatically.
Sobek et al. (2009) compile a range of 0.22 to 1140 g C m-2 y-1 for a global survey of
lakes, with the median value much closer to the lower end of the range at 27 g C m-2
y-1. Regionally the range of sediment organic matter accumulation rates is much more
constrained. Molot and Dillon (1996) found organic carbon accumulation rates ranged 19
to 24 g C m-2 y-1 for 7 Ontario lakes and Kortelainen et al. (2004) estimate the average
Holocene organic carbon accumulation rate to be 0.2 to 8.5 g C m-2 y-1 in a large survey
of Finnish lakes.
Dean and Gorham (1998) found that lake size aﬀected areal organic carbon accumula-
tion rates and estimate the average accumulation rate of large lakes (> 5000 km2) to be
6.7% the accumulation rate of small lakes. However, Einsele et al. (2001) showed that the
range of organic carbon accumulation rates in a sample of the world’s largest lakes was 2
– 23 g C m-2 y-1, which is not dissimilar to the ranges for smaller lakes described above.
1.2 Limitations on sediment organic matter mineralization
Once organic matter has been deposited in the sediments, limitations on heterotrophy
drive both net CO2 production and organic matter sequestration in the sediments. The
net production of CO2 from the whole lake derives from the mineralization of allochthonous
organic matter and can be closely coupled to (Kortelainen et al., 2006) or independent of
(Kling et al., 1991) sediment processes. Despite a variable inﬂuence of sediment metabolism
on net CO2 production from lakes, the sequestration of organic carbon is almost exclusively
a sediment process. A net accumulation of sediment organic matter (i.e., sequestration)
can only result from an imbalance between organic matter inputs and losses (Capone and
Kiene, 1988; Canﬁeld, 1994; Burdige, 2007). Sediment organic matter inputs may, in part,
be derived from production in the water column or the watershed. However, on a whole-
-lake scale, organic matter losses depend largely on the factors limiting organic matter
mineralization within the sediments.
Lindeman (1942) places bacteria and “ooze” at the center of his conceptualization of
lake trophic dynamics, highlighting the connections between sediment heterotrophy and
all other aspects of lentic material cycling. Short-term variation in the rate of benthic
respiration is typically measured as a change in the concentration of dissolved oxygen or
dissolved inorganic carbon (DIC) in the water overlying the sediments of cores removed
from the lake or in chambers isolating a portion of the lake bottom (Table 1). Among
the studies collected for this review, 18 used O2 ﬂux and 4 used DIC ﬂux as a measure
of sediment respiration. Sediment respiration rate ranged from 2 to 278 mmol m-2 d-1 of
O2 consumption or DIC production, resulting in a 139 fold diﬀerence between the highest
and lowest measures (Table 1). This range is skewed, however, by one exceptionally high
measurement. With the exception of Lake Mohegan, there are no measurements from
the 82 lakes in Table 1 greater than 151 mmol m-2 d-1. Thus, the majority of systems
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reviewed had benthic respiration rates that ranged between 2 and 151 mmol m-2 d-1 of
O2 consumption or DIC production, or a 75.5 fold range. This is greater than, but not
dramatically diﬀerent from the 21-fold range of variation reported in a review of lake
sediment respiration rates by Pace and Prairie (2005).
1.3 Factors limiting sediment organic matter mineralization
1.3.1 Temperature
Temperature, the availability of oxygen, and the supply of carbon have all been shown to
alter the rate of sediment respiration (Table 2). Like all metabolic processes, respiration
rate would be expected to increase with temperature (Gillooly et al., 2001). Baulch et al.
(2005) experimentally warmed the littoral zone of a boreal lake 4.5o C and found that dark
respiration by the epilithon increased 29 – 103% in the warmed treatments. Hargrave
(1969) suggests that temperature is the principal factor regulating benthic respiration
rates in lakes and found a very strong relationship between the log oxygen uptake rate
by sediments in incubated cores and log temperature both across systems (r = 0.85) and
within a system (r = 0.86). Subsequent research has shown that the relationship between
temperature and benthic respiration rate changes with temperature. Grane´li (1978) found
that the Q10 (the change in respiration rate per change in 10
o C) for oxygenated sediments
from 7 Swedish lakes ranged from 2 to 3 for temperatures between 5 and 10o C but
from 1.3 to 1.6 for temperatures between 15 and 20o C. This pattern is also found in
anaerobic sediments. The Q10 for methane production from deep lake sediments declined
with increasing temperature from 3.86 in the 5 to 15o C range to 1.8 in the 20 to 30o C
range (Nozhevnikova et al., 1997).
The importance of temperature in controlling benthic respiration rates also appears
to be related to the range of temperature variation within a lake. Baulch et al. (2005)
measured the relationship between epilithic respiration and water temperature in a single
lake during a 23-year period. The relationship was signiﬁcant but showed a distinct wedge
shape with much more variation in respiration rate at high temperatures, suggesting that
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temperature may act as a limiting factor at low temperatures but other factors become
more relevant as temperature moderates. Supporting this idea, Pace and Prairie (2005)
found that although temperature has a signiﬁcant eﬀect on respiration rate, the range
of the temperature-standardized and un-standardized respiration rates was similar. The
authors suggested that some of the eﬀect of temperature on benthic respiration may be
due to covariance with other factors.
1.3.2 Oxygen availability
In marine systems, the time organic matter spends exposed to oxygen is thought to be
a signiﬁcant factor aﬀecting the burial eﬃciency (Hartnett et al., 1998). Recently, oxy-
gen exposure time has also been shown to be signiﬁcantly correlated with organic matter
burial eﬃciency in lake sediments (Sobek et al., 2009). Oxygen is used both as the ﬁnal
electron acceptor for aerobic respiration and in the enzymatic hydrolysis of organic matter
with oxidase and peroxidaese enzymes (Burdige, 2007). As a result, there is an interaction
between the impact of oxygen availability on mineralization rate and the recalcitrance of
the organic matter (Kristensen, 2000). Canﬁeld (1994) found that in marine sediments,
oxygen reduced organic matter preservation only in sediments with low rates of labile or-
ganic matter deposition. Labile organic matter from eutrophic lake sediments decomposed
at similar rates in aerobic and anaerobic incubations but the absence of oxygen limited the
mineralization of refractory organic matter from the same system (Lehmann et al., 2002).
1.3.3 Carbon supply
Correlations between water column primary production (i.e., a source of organic C) and
benthic respiration have been well established (Wetzel, 2001). Benthic respiration rates are
strongly correlated with epilimnetic total phosphorus (a surrogate for volumetric pelagic
primary productivity) (Simc˘ic˘ and Brancelji, 2002; Pace and Prairie, 2005) and an esti-
mated 40 and 70% of sedimented within-lake production is mineralized in eutrophic and
oligotrophic lakes respectively (Pace and Prairie, 2005). Furthermore, fertilization exper-
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iments have shown that increases in pelagic primary productivity will increase sediment
respiration rate (Jones and Simon, 1980; Sugai and Kipphut, 1992; O’Brien et al., 2005).
The importance of allochthonous organic matter inputs for benthic respiration rates
is less clearly established. A number of studies (Prairie et al., 2002; Houser et al., 2003;
Jonsson et al., 2003; Sobek et al., 2005) have found signiﬁcant correlations between whole-
-lake respiration rates and the concentration of dissolved organic carbon (DOC) in the
water column (Table 2), yet direct evidence that the input of allochthonous organic matter
aﬀects sediment respiration is more equivocal. Jonsson et al. (2003) found that sediment
respiration was positively correlated with DOC concentration (r = 0.75) in 51 lakes in
Sweden. Huttunen et al. (2002) showed that the DIC ﬂux from 2 very shallow boreal
ponds was strongly correlated with the input organic carbon from their watersheds. Given
the depth of these ponds, this response likely represents the eﬀect of sediment respiration.
Sweerts et al. (1986) showed that the presence of a few millimeters of ﬂocculent organic
material was suﬃcient to double the respiration rate of sandy littoral sediments, but this
ﬂocculent material was only partially allochthonous. Finally, Lasenby (1975) found that
areal hypolimnetic oxygen demand was strongly correlated with Secchi depth (r = 0.85)
but uncorrelated with seston mass. Since the Secchi depth incorporates dissolved as well
as particulate organic matter, this correlation with transparency but not seston suggests a
decoupling of epilimnetic production and the hypolimnetic decomposition and may point
to the importance of allochthonous material (Lasenby, 1975).
Other studies have found little to no relationship between carbon supply and benthic
respiration rates. Grane´li (1978) saw no eﬀect of the addition of freshly sedimented ma-
terial to cores or the redistribution of sediment within cores on oxygen uptake from the
sediments of 7 Swedish lakes. Further, Hargrave (1969) found no relationship between
the oxygen uptake rate in cores and the total organic matter, protein, carbohydrate, or
caloriﬁc content of the sediments. Thus, despite strong evidence that pelagic primary
productivity (i.e., autochthonous organic matter supply) is coupled to benthic respiration,
the eﬀect of allochthonous substrate supply on benthic metabolism is less clear.
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1.4 Future research
The importance of lake sediment organic matter processing in the global carbon cycle is
clear, yet our understanding of how lakes will respond to and inﬂuence future alterations to
the carbon cycle remains incomplete. Global assessments of sediment metabolic processes
show considerable variation among lakes over large geographic scales (Sobek et al., 2009)
but regional studies show that variation within-lakes may exceed diﬀerences among lakes
on a landscape (Hobbie et al., 1980; den Heyer and Kalﬀ, 1998), suggesting that the scale
of variation in organic matter processing may be primarily at the within-lake scale. The
factors aﬀecting sediment respiration (i.e, temperature, oxygen availability, and carbon
supply) potentially vary at both within-lake and landscape scales so it is necessary to
partition the impact of these factors between scales to understand how lake carbon cycling
feeds back into the regional and global carbon cycle.
The arctic is expected to respond more dramatically to climate change than lower
latitudes. Observed changes include a decrease in snow cover, the warmest temperatures
in 400 years (Overpeck et al., 1997; Chapin et al., 2005) and the expansion of shrub
vegetation cover (Sturm et al., 2005). Additionally, arctic lakes have been shown to be
sources of carbon to the atmospheric via the outgassing of CO2 and CH4 derived from
soil and lake respiration (Kling et al., 1991). This sensitivity of arctic systems to climate
variability combined with the role of lakes in global carbon cycling (Cole et al., 2007)
indicates the need to understand the factors aﬀecting arctic lake respiratory processes.
1.5 Research Objectives
This dissertation was undertaken to address the central question: What is the relative im-
portance of landscape and patch-scale environmental factors in limiting the mineralization
of organic matter in arctic lake sediments?
Speciﬁc objectives were to:
1. Quantify the eﬀect of temperature and oxygen availability on summertime benthic
respiration rate at the within-lake scale;
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2. Quantify diﬀerences in the lability of the sediment organic matter among lakes at a
landscape-scale;
3. Quantify the landscape-scale variation in the distribution of temperature, oxygen,
and organic matter in arctic lakes during the summer and assess their inﬂuences on
sediment metabolism.
I address these objectives with a combination of laboratory experiments and ﬁeld sur-
veys conducted in the vicinity of the Toolik Lake Biological Field Station in northern
Alaska (68o38’ N, 149o38’ W). The region surrounding the ﬁeld station is typical of low
latitude arctic regions. Plant cover is a mixture of tussock and shrub tundra (Walker,
2000) and the land surface is underlain by continuous permafrost (Ping et al., 1998). The
region has an annual mean temperature between -10o and -8o C and annual precipitation
of 140 to 270 mm of which 40% is snow (Ping et al., 1998). During the summer, the
region experiences 24–h daylight and an average summer temperature of 11o C (Oechel
et al., 2000). The region was discontinuously glaciated during past glacial advances which
resulted in a diversity of land surface and lake ages (Hamilton, 2002). The numerous lakes
in the region are typically oligotrophic with spatially variable nutrient limitation and tend
to be relatively small and shallow (Levine and Whalen, 2001). Fish diversity is low within
the lakes and is primarily controlled by landscape-level factors (Hershey et al., 2006).
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Table 1: Range of values for sediment respiration rates (mmol m-2 d-1) reported from the
literature. Respiration was measured as either the ﬂux of dissolved O2 into or dissolved
inorganic carbon (DIC) from the sediments.
Reference Range § Method Location
Adams et al. (1982) 9.4 O2 ﬂux; benthic chambers Lake Erie
Baulch et al. (2005) 2.1 – 8.3 DIC ﬂux; benthic chambers Lake 239, Ontario,
Canada
Blanton and Winkhofer (1972) † 8.8 – 10.9 O2 ﬂux; benthic chambers Lake Erie
Burns et al. (1996) 3.75 – 11.9 O2 ﬂux; benthic chambers 3 lakes, New Zealand
Cornwell and Kipphut (1992) 7.6 O2 ﬂux; benthic chambers Toolik Lake, Alaska,
USA
Edberg and Hofsten (1973) ‡ 87.5 O2 ﬂux; not reported Lake Norrviken, Swe-
den
Fillos (1977) ‡ 53.1 – 278.1 O2 ﬂux; not reported Lake Mohegan, New
York, USA
Gardiner et al. (1984) ‡ 104.4 O2 ﬂux; not reported Green Bay, Lake
Michigan, USA
Gelda et al. (1995) 25.6 – 90.3 O2 ﬂux; core incubations Onondaga Lake, New
York, USA
Grane´li (1978) 11.5 – 28.8 O2 ﬂux; core incubations 5 lakes in Sweden
Hargrave (1969) 2 – 43 O2 ﬂux; core incubations Marion Lake, British
Columbia, Canada
Hayes and MacAulay (1959) 5.2 – 33.2 O2 ﬂux; core incubations 12 lakes in Canada
den Heyer and Kalﬀ (1998) 17 – 60 DIC ﬂux; core incubations 9 lakes in Quebec,
Canada
Jonsson et al. (2003) 5.3 – 57.8 DIC ﬂux; benthic chambers 16 lakes in Sweden
Lasenby (1975) 11.2 O2 ﬂux; core incubations Dicky Lake, Ontario,
Canada
Liikanen et al. (2002) 4.8 – 28 DIC and O2 ﬂux; core incubation Lake Keva¨to¨n, Fin-
land
Linsey and Lasenby (1985) 26 – 32 O2 ﬂux; core incubations Sharpe Bay of Jack’s
Lake
Lucas and Thomas (1972) † 12.5 – 21.9 O2 ﬂux; benthic chambers Lake Erie
Ramlal et al. (1994) 32 – 47 O2 ﬂux; benthic chambers Lake 18, high arctic,
Canada
Sehgal and Welch (1991) 6.3 – 12.8 O2 ﬂux; core incubations Scriber Lake and
North Lagoon, Wash-
ington, USA
Sweerts et al. (1986) 10.8 – 42.6 O2 ﬂux; benthic chambers Lake 302S, Ontario,
Canada
Range 2 – 278
§ If no range is reported, the value is the mean.
† cited in Adams et al. (1982)
‡ cited in Gelda et al. (1995)
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2 Factors Aﬀecting Sediment Oxygen Demand in Arc-
tic Lakes
2.1 Introduction
Lake sediments have recently been recognized as an important component of the global
carbon cycle, and may annually store as much as 30 to 60% of the organic carbon stored
in marine sediments (Cole et al., 2007). The fate of the organic matter deposited in lake
sediments depends on the factors controlling its mineralization, which in turn depends on
the the factors limiting the metabolic activity of sediment microorganisms (Canﬁeld, 1994;
Burdige, 2007).
The metabolic activity of sediment microorganisms is frequently quantiﬁed as the dark
oxygen ﬂux across the sediment-water interface, i.e., sediment oxygen demand (SOD) (Pace
and Prairie, 2005). Oxygen is consumed by aerobic respiration or through the oxidation of
the reduced products of anaerobic metabolism and, therefore, is tightly coupled to micro-
bial organic matter mineralization (Sweerts et al., 1991; Kristensen, 2000; Torgersen and
Branco, 2007). The magnitude of mineralization is reﬂected in SOD because, excluding
the ﬂux of non-oxidized metabolites from the sediments (e.g., NH4, CH4), the most sig-
niﬁcant sediment reactions involving organic matter mineralization directly or indirectly
create demand for oxygen (Sweerts et al., 1991; Soetaert et al., 1996; Burdige, 2006).
Although most lake sediments eﬃciently sequester organic matter (Dean and Gorham,
1998; Einsele et al., 2001), variation in environmental conditions can alter SOD and thus
organic matter mineralization (Pace and Prairie, 2005). Temperature has direct eﬀects
on both the metabolic rate of sediment microorganisms (Thamdrup et al., 1998) and the
diﬀusion of oxygen within the sediments (Boudreau and Jørgensen, 2001) and therefore
can have strong eﬀects on SOD (Hargrave, 1969; Grane´li, 1978).
SOD may also be aﬀected by the oxygen concentration of the water overlying the
sediments, since oxygen must diﬀuse across the sediment-water interface (Boudreau and
Jørgensen, 2001). However, since the oxygen concentration gradient across the sediment-
-water interface is in part created through oxygen consumption within the sediments,
observed changes in SOD due to ﬂuctuations in water column oxygen concentrations
(Hargrave, 1969; Grane´li, 1978; Archer and Devol, 1992) should reﬂect real limitations
to organic matter mineralization.
Finally, SOD can be aﬀected by the quality of sediment organic matter (Sweerts et al.,
1986; Kristensen, 2000), since regardless of the metabolic pathway, it is the mineraliza-
tion of organic matter that directly or indirectly creates oxygen demand in the sediments
(Torgersen and Branco, 2007). Signiﬁcant increases in SOD have been reported as a re-
sult of elevated organic matter inputs (Sugai and Kipphut, 1992; Dedieu et al., 2007), and
across systems SOD is correlated with whole system productivity (Pace and Prairie, 2005),
suggesting widespread substrate limitation of SOD. Unlike the eﬀects of temperature and
oxygen concentration however, the impact of organic matter quality on SOD is not always
observed (Hargrave, 1969; Grane´li, 1978).
Variations in SOD have been observed at both a patch-scale (i.e., within a lake across
space or time) and landscape-scale (i.e., among diﬀerent lakes on the landscape) (Chapter
1). Within lakes, seasonal variation in SOD can range between 32 – 47 mmol O2 m
-2 d-1
for an oligotrophic, high-arctic lake (Ramlal et al., 1994) to 26 – 90 mmol O2 m
-2 d-1 for
a hypereutrophic lake (Gelda et al., 1995). Presumably this seasonal variation is due to
corresponding changes in environmental conditions. Hargrave (1969) found that seasonal
changes in temperature alone could produce a range of SOD from approximately 2 – 43
mmol O2 m
-2 d-1 in Marion Lake, B. C.
Variation in sediment organic matter mineralization among lakes in a region is often
similar to what is observed within, lakes suggesting only a minor inﬂuence of landscape-
-scale variables on sediment mineralization rates (den Heyer and Kalﬀ, 1998). Pace and
Prairie (2005) report a range of SOD values between 1.6 and 33 mmol O2 m
-2 d-1 in a review
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of lakes that span productivity and size gradients. They attribute the observed variation
primarily to diﬀerences in lake productivity (after standardizing SOD measurements to
10o C).
Fewer measurements of SOD have been performed on arctic lakes, yet overall the pat-
terns appear similar to other regions. SOD measurements collected by Ramlal et al. (1994)
for a high arctic lake are similar in overall magnitude (32 – 47 mmol O2 m
-2 d-1) to the
lakes reviewed by Pace and Prairie (2005). Hobbie et al. (1980) found dramatic variation
in the sediment dissolved inorganic carbon (DIC) production of shallow tundra ponds. In
these systems the summer DIC ﬂux from the sediments varied from approximately 0 to
42 mmol DIC m-2 d-1, with much greater variation within ponds than among ponds. The
only published measurements of sediment respiration that I am aware of from the Toolik
Lake region of the Alaskan arctic come from Toolik Lake and deviate from the above pat-
terns. Cornwell and Kipphut (1992) found very little variation in net SOD (using clear
benthic chambers) in Toolik lake (7.1 – 8.1 mmol O2 m
-2 d-1) across a depth range from
3 to 7 m. Although the restricted range and magnitude of the measurements might have
been due to the photosynthetic production of O2, the lack of variation across depths which
should have had much diﬀerent light environments suggests that photosynthetic oxygen
production does not completely explain the lack of variation.
In this chapter, I evaluate the variation in SOD due to diﬀerences in temperature
and oxygen availability both within and among 3 shallow arctic lakes with the goal of
understanding the factors aﬀecting the range of SOD in shallow arctic lakes and the scale
over which those factors vary. Speciﬁcally I test the hypothesis that variation in SOD
in shallow arctic lakes is primarily the result of ﬂuctuations in temperature and oxygen
availability at a patch-scale.
2.2 Study Site
The three lakes in this study are located in the vicinity of the Toolik Lake Biological
Field Station (68o38’N, 149o38’W) (Fig. 1). The study area is characteristic of the Arctic
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Foothills region of Alaska and is underlain by continuous permafrost with predominantly
tundra vegetation (Ping et al., 1998). The region has an annual mean temperature be-
tween -10o and -8o C and annual precipitation of 140 to 270 mm, of which 40% is snow
(Ping et al., 1998). During the summer, the region experiences 24–h daylight and average
summer temperatures of 11o C (Oechel et al., 2000). The three lakes used in the study are
small, oligotrophic (Table 3) and lack permanent inlets. All three lakes are ice–covered for
approximately 9 months.
2.3 Materials and Methods
2.3.1 Sample Collection and Incubation
Sediment cores were collected using a a K-B style gravity corer. The cores were standard-
ized for incubation by extruding the upper 15 cm of sediment (and overlying water) from
each core into a 25 cm long by 4.8 cm i.d. plastic incubation core. The incubation cores
were sealed with acrylic or polycarbonate tops and bottoms. The core tops were beveled
toward a center opening to exclude all air from the core when sealed. A magnetic stir
bar was suspended approximately 1 cm above the sediment-water interface in each core.
During incubation, the cores were arranged around a central array of magnets turning at
1 rpm, which slowly turned the stir bars within the cores and prevented stratiﬁcation of
the overlying water. The cores were incubated in a 750 L temperature controlled (± 1o
C.) water bath. Sampling was performed via two septum–sealed ports ﬁtted to the core
top. One port was oriented vertically and allowed for the insertion of a cannula into the
overlying water of the core. The other port was arranged perpendicular to the ﬁrst and
permitted the simultaneous replacement of water removed during sampling. The replace-
ment water was collected from the lake at the same time and depth as the cores with a
beta–style 2.2–L Van Dorn sampler. Between sampling events, the replacement water was
stored in a 4–L plastic bottle in the same incubator as the cores.
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2.3.2 Oxygen Measurements
The cores were allowed to acclimate approximately 1 h prior to the initial sampling. During
sampling, 4 ml of overlying water was slowly removed from the core through the vertical
port using a stainless steel cannula attached to a plastic syringe. The syringe was purged
with 1 ml of the sample and the remaining volume was used to determine the oxygen con-
centration by Winkler titration (Carpenter, 1965) modiﬁed for the small volume. Plastic
stops were designed to ﬁt onto the syringe plunger to ensure that a repeatable volume was
retained in the the syringe following each purge. The exact volume of sample retained in
each syringe following purging was determined gravimetrically. Titrations were conducted
immediately following sampling to minimize storage artifacts.
2.3.3 Experimental Details
Temperature Dependence Experiment I assessed the impact of temperature on
the magnitude of SOD by incubating cores collected at 3 m in each lake at 4 diﬀerent
temperatures representing a realistic range of temperatures experienced by the sediments
during the arctic summer. The cores were incubated in the dark. The oxygen concentration
of the overlying water in the cores was sampled three times over approximately 24 h.
Oxygen Availability Experiment I measured the eﬀect of oxygen availability on SOD
by calculating the change in SOD that resulted from the reduction in the oxygen concen-
tration of the overlying water during an approximately 48 h dark incubation. For the
sediments from Lakes E–4 and S–3, this was accomplished by extending the incubation
time of the cores used in the 12o C treatment of the temperature dependence experiment.
The response of the sediments from Lake GTH 91 were assessed in a separate experiment
at 9o C. Samples were taken at 5 time points over the 48 h period.
Light Availability Experiment I evaluated the impact of light availability on net
sediment oxygen production by measuring the eﬀect of diﬀerent irradiance levels on oxygen
ﬂux from the sediments of all three lakes. In the experiment using sediments from GTH 91
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the temperature was held at 10o C. In the experiments using sediments from E–4 and S–3,
the temperature was approximately matched to the water temperature at the depth from
which the cores were collected (15o C). Irradiance was provided by a 1000 W full spectrum
grow lamp suspended above the incubation chambers. Diﬀerent light levels were produced
in each core by encasing the upper half of the core with sleeves made from neutral density
screens. In the experiments conducted in E–4 and S–3, the lower portion of the core was
covered in aluminum foil to ensure that only the sediment-water interface was exposed
to the light. The irradiance in each core was measured with a Biospherical Instruments
Quantum Light meter with a 4휋 sensor. The light probe was inserted through a notch in
a specially constructed top so that irradiance could be measured with the top in place.
The irradiance in each core was measured in the exact location that the core occupied
during the incubation to account for spatial variation in the light environment of the 750
L incubation chamber. The concentration of oxygen was sampled at three time intervals
over a 24–h period.
2.3.4 Lake Bathymetry, Thermal Stratiﬁcation and Light
The bathymetry of each lake was mapped by combining a lake perimeter measurement de-
termined with a Tremble Geo Explorer GPS with sonar transects collected with a Garmin
GPSMAP 180 sonar. The lake bottom proﬁle was extrapolated from the sonar mea-
surements using a triangulated irregular network to convert the observed depths into 1 m
contour lines in ARC–GIS (ESRI, 2006). Surface area of each depth interval was calculated
using the 1 m contour intervals.
Temperature and dissolved oxygen proﬁles were collected in each of the three lakes
throughout the ice–free periods of 2005–2008 using a YSI Model 85 meter. Proﬁles were
taken at the deepest point in the lake in 0.5 m depth intervals. The oxygen meter was
calibrated prior to sampling each lake. For each sampling event the thermocline depth
was calculated as the depth with the greatest change in temperature from the preceding
depth. If no two successive depths within the lake had a temperature change greater than
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1o C, then the lake was considered unstratiﬁed. The boundaries of the epilimnion and
hypolimnion were deﬁned as the depth above or below which the slope of the change in
temperature with depth was < 1o C m-1 (Wetzel, 2001). The area-weighted temperature of
the epilimnion and hypolimnion was calculated as the weighted average of the temperature
of each depth using the proportion of epilimnetic or hypolimnetic sediment area as the
weights. Since sediment area was only avialable at 1 m resolution, the temperature data
were collapsed to 1 m resolution as well. The oxygen deﬁcit below the thermocline was
estimated by dividing the area-weighted oxygen concentration of the hypolimion into the
area-weighted oxygen concentration of the epilimnion and converting to a percent.
Measurements of the light environments of the lakes were collected variously during the
ice–free period of 2005 through 2008. Measurements of photosynthetic photon ﬂux density
(PPFD) were taken in 0.5 m increments at the deepest point in the lake with a LiCor
192-SA 2휋 underwater quantum sensor and a LiCor 250 light meter. Proﬁles were stopped
when the light level reached approximately 1% of the irradiance immediately below the
air–water interface. The light attenuation coeﬃcient (Kd) was calculated as the linear
slope of the ln–transformed PPFD data (휇E m-2 s-1) versus depth.
To estimate the percent sediment surface area below the compensation point (i.e.,
the irradiance level at which photosynthetic oxygen production equals respiratory oxygen
consumption) in each lake for the summers of 2005–2007, I used the mean Kd calculated in
2008 and the hourly mean irradiance data collected from just below the water’s surface at
the Toolik Lake meteorological station (Shaver, 2005, 2006, 2007) to estimate the amount
of light in each lake at 1 m depth increments. The light estimate combined with the
sediment area estimated from the bathymetric analysis was used to calculate the proportion
of observations that were below the compensation point for each year. The mean 2008 Kd
value was used because there was greater seasonal coverage in 2008 Kd data relative to the
other years of the study.
The total hypolimnetic oxygen consumption attributable to SOD was estimated in lake
GTH 91 as the ratio of total hypolimnetic sediment oxygen consumption to the rate of
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hypolimnetic oxygen loss. I estimated sediment oxygen consumption (mmol O2 d
-1) as
the product of the sediment area (m2) in a 1 m slice below 6, 7, and 8 m and SOD at
4.5o C (mmol O2 m
-2 d-1). SOD at 4.5o C was estimated using the linear model from the
temperature dependence experiment. The rate of hypolimnetic oxygen loss (mmol O2 d
-1)
at the same depths was calculated as the change in oxygen concentration between Julian
days 207 and 213 in 2006 (mmol O2 m
-3 d-1) multiplied by the volume of the lake in a 1
m slice below each depth (m3).
2.3.5 Statistics and Calculations
In the temperature dependence and light availability experiment, SOD was calculated
as the sum of the change in oxygen concentration of the overlying water between the
successive time intervals. In the oxygen availability experiment, SOD was calculated for
each time interval as the change in oxygen concentration of the overlying water from the
preceding time point. All oxygen concentration measurements were corrected for oxygen
added via the replacement water. Fluxes were normalized to the surface area of the core
and expressed as an hourly rate.
Two points were removed from the analysis of the oxygen availability experiment due
to obviously unrealistic values. The eﬀect of temperature and the source of the sediments
(i.e., lake) on SOD was analyzed with ANCOVA. The eﬀect of the oxygen concentration of
the overlying water and sediment source on SOD was evaluated using a repeated measures
ANCOVA. All analysis were performed using JMP software (Ver. 4.0.4, SAS Institute
Inc., Cary, NC, 1989–2007) or R (R Development Core Team, 2009).
2.4 Results
2.4.1 Temperature Dependence Experiment
The temperature dependence experiment tested SOD across the range of temperatures
typically experienced by the lake sediments during the summer (Table 4). SOD ranged
between -3.3 and 39.0 with a median of 15.1 mmol O2 m
-2 d-1 across all sediments and
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temperatures. Temperature and sediment source (i.e., lake) explained 42% of the variation
in SOD and there was signiﬁcant and positive relationship between SOD and temperature
across all three lake sediments (slope (± CI95%) = 0.61 (± 0.24) mmol O2 m-2 d-1 per degree
C) and no signiﬁcant interaction between temperature and sediment source (Fig. 2; Table
5). After accounting for the variation due to temperature there remained a signiﬁcant
eﬀect of sediment source on SOD. Median SOD was 12.6, 16.88, and 15.7 mmol O2 m
-2
d-1 in the sediments from lakes E–4, S–3 and GTH 91, respectively.
2.4.2 Oxygen Availability Experiment
In the oxygen availability experiment, I tested the eﬀect of the oxygen concentration of the
overlying water on SOD. The oxygen concentration of the overlying water ranged between
0.1 and 0.3 mmol O2 L
-1 (Table 6) and SOD ranged between -7.7 and 39.8 with a median of
11.4 mmol O2 m
-2 d-1 (Fig. 3). The highest SOD measurements were similar in magnitude
to those from the temperature experiment but the reduction in oxygen in the overlying
water reduced SOD at a rate (± CI95%) of 49 ± 21 mmol O2 m-2 d-1 per mmol O2 L-1 to
levels below those seen in the temperature dependence experiment (Fig. 3).
As with the temperature dependence experiment, there were signiﬁcant diﬀerences
in SOD among the sediments collected from the diﬀerent lakes after accounting for the
variation due to oxygen concentration and no interaction between oxygen concentration
and sediment source (Table 7). The median SOD was 10.1, 14.8, and 9.8 mmol O2 m
-2 d-1
in the sediments from lake E–4, S–3 and GTH 91, respectively.
2.4.3 Light Availability Experiment
In all three lakes SOD was aﬀected by irradiance and the sediments became net–autotrophic
at irradiance levels greater than approximately 50 휇E m-2 s-1 (Fig. 4). At light levels less
than 50 휇E m-2 s-1 the sediments of GTH 91, E–4 and S–3 show a net ﬂux of O2 into
the sediments in 96, 90, and 100% of observations respectively. Although there are fewer
observations at light levels greater than 50 휇E m-2 d-1, almost all show net eﬄux of O2
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(Fig. 4).
2.4.4 Stratiﬁcation and Light
Although a complete time course for the development of thermal stratiﬁcation does not
exist for the duration of the study, there are clear diﬀerences in the thermal stratiﬁcation
regimes of the lakes. Lake E–4 was stratiﬁed in all of the proﬁles collected in 2006 and
had a mean thermocline depth of 3.3 m (Table 8). In 2008, the mean thermocline depth
was the same as 2006 but the lake mixed during the end of July. Lake S–3 was sampled
in 2005, 2006 and 2008. In 2005 the lake was unstratiﬁed in early June and early August
but stratiﬁed for the remainder of the summer. In 2008, S–3 was stratiﬁed by the ﬁrst
sampling date in late June but had mixed by the end of July. The mean thermocline depth
was 3.8 m in 2005 and 3.2 m in 2008. There was only one proﬁle collected in 2006 and
the lake was stratiﬁed with a thermocline depth of 2 m. The deeper lake (GTH 91) was
always stratiﬁed when sampled, with a mean thermocline depth of 4.2, 3.6, and 3.9 m for
2005, 2006 and 2008 respectively (Table 9).
Thermal stratiﬁcation substantially aﬀected the distribution of temperature and oxy-
gen in the lakes (Tables 8 and 9). The polymixis of the shallow lakes resulted in more
temperature variation, particularly in the deeper portions of the lake. The loss of oxygen
from the deeper water of the lake was also related to thermal stratiﬁcation and mixing.
The bottom waters of the deep lake (GTH 91) had a median hypolimnetic O2 deﬁcit of 57%
of epilimnetic O2 concentration, which persisted throughout the sampling period (Table
9). The shallow lakes show less severe and more variable oxygen depletion in the bottom
water relative to the deep lake (Table 8).
Comparison of Kd between lakes indicates that the two shallow lakes (E–4 and S–3)
show a general increase in clarity as the summer progressed in years for which extensive
data were collected (Table 8). In 2008, I sampled the lakes within 24 h of each other to
assess between-lake diﬀerences in Kd independent of this seasonal pattern. In all of the
2008 observations, S-3 has lower light attenuation (i.e., lower Kd) than E-4. The deep
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lake (GTH 91) showed a trend of increasing clarity during the summer in 2006 but less
variation in clarity and no clear seasonal pattern in 2008 (Table 9).
The percentage of the lake sediments estimated to be below 50 휇E m-2 s-1 (i.e., the
compensation point) ranged between 42 and 60% in the shallower lakes (Lakes S–3 and
E–4) and 70 to 79% in the deep lake (Table 10). In all of the lakes, the sediment area below
the compensation point increased between 2005 and 2007. Although Lake S–3 consistently
has the smallest percentage of its sediment area below 50휇E m-2 s-1, this percentage is only
slightly less than what is estimated for Lake E-4. Sediment oxygen demand was estimated
to contributed 67% of the total hypolimnetic oxygen consumption in lake GTH 91 in late
summer 2006 (Table 11).
2.5 Discussion
SOD ranged between -7.7 and 39.8 mmol O2 m
-2 d-1 with a median of 13.8 mmol O2 m
-2
d-1 across all the lakes. This range of measurements is similar to the SOD range of 1.6
to 33 mmol O2 m
-2 d-1 reported by Pace and Prairie (2005) in a review of studies using
similar methods. As far as I am aware there are no other published measurements of gross
SOD from the Alaskan low arctic, yet the range of SOD observed in my study is similar to
the range of DIC ﬂux measurements (-0.4 to 42 mmol DIC m-2 d-1, (Hobbie et al., 1980)),
and SOD (32 to 47 mmol O2 m
-2 d-1, (Ramlal et al., 1994)) collected in other shallow
arctic systems at higher latitudes.
Cornwell and Kipphut (1992) measured a net SOD range of 7.1 to 8.1 mmol O2 m
-2
d-1 in Toolik Lake (which is on the same landscape as the lakes in my study). These
measurements are lower and much less variable than I observed, but represent in situ net
SOD collected over 2 to 7 day periods and do not likely reﬂect the range of environmental
conditions found in my study or in the environment. My measurements of dark SOD
across a greater range of environmental conditions and lakes is likely more representative
of the actual variation in sediment SOD (and mineralization) in this region of the arctic.
The variation in SOD among sediments from within a lake in both the temperature de-
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pendence and oxygen availability experiments greatly exceeded diﬀerences in SOD among
the three lakes, suggesting that patch-scale variation in environmental conditions has a
greater inﬂuence on SOD than landscape-scale diﬀerences among lakes (Hobbie et al.,
1980; den Heyer and Kalﬀ, 1998). Across all of the lakes, variation in SOD was signiﬁ-
cantly related to variation in temperature and oxygen concentration. SOD increased with
temperature regardless of the sediment source and there were no signiﬁcant diﬀerences in
the relationship among the diﬀerent lakes. Pace and Prairie (2005) calculate a mean slope
of 0.65 ± 1 for the log–log SOD to temperature relationship in review of lake SOD exper-
iments. Similar treatment of the present data gives a mean log–log SOD to temperature
slope of 0.26 ± 0.08 across all three lakes, which although lower than what was observed
by Pace and Prairie (2005), is within the large standard deviation of their collected mea-
surements. This observation indicates that the sediments from the lakes in this study are
at the lower end of temperature sensitivity relative to the lakes they report.
In addition to reduced sensitivity to temperature, I found that SOD increased linearly
with temperature across the temperature range tested, whereas previous studies have
observed that the response of SOD to temperature is greatest at lower temperatures (<
10o C) (Hargrave, 1969; Grane´li, 1978; Pace and Prairie, 2005). This diﬀerence in response
appears to be the result of greater SOD at low temperatures and lower SOD at high
temperatures in my study. I measured a median SOD at 2o C across lakes of 12.1 mmol O2
m-2 d-1, whereas the lakes surveyed in Hargrave (1969) do not achieve SOD rates this high
until temperatures of approximately 9o C. A similar comparison at higher temperatures
shows that the median SOD at 17o C in the sediments from the lakes in my study is 19.7
mmol O2 m
-2 d-1 while Hargrave (1969) predicts an SOD of 39 mmol O2 m
-2 d-1 at 17o
C. This reduced sensitivity of the SOD response to temperature may be due to selection
for sediment microbial communities that perform more eﬃciently at lower temperatures
(Madigan et al., 2000) in the persistently cooler temperatures found in arctic lakes.
Reduced oxygen concentrations in the water overlying the cores limited SOD in the
sediments of all three lakes. Theoretical models (Bouldin, 1968) and measurements (Ras-
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mussen and Jørgensen, 1992) show that if the rate of oxygen consumption within the
sediments is constant with respect to oxygen concentration, then the ﬂux of oxygen across
the sediment-water interface will vary as a function of the square root of the oxygen con-
centration. Nonetheless, SOD appears to vary linearly with the oxygen concentration in
the overlying water across the range of oxygen concentrations used in the oxygen avail-
ability experiment. It is likely that my experiment did not evaluate the relationship at
oxygen concentrations low enough to include the point where the linear and square root
models clearly diverge.
Hargrave (1969) found an approximate reduction of 42 mmol O2 m
-2 d-1 per mmol O2
L-1 in Marion Lake, B.C. and Park and Jaﬀe (1999) calculate an approximate reduction
of 63 mmol O2 m
-2 d-1 per mmol O2 L
-1 using a numerical model of sediment oxygen
dynamics. Both of these estimates agree well with the estimated decline of 50 mmol O2
m-2 d-1 per mmol O2 L
-1 across the three lakes observed in my study.
The correlation between SOD and the oxygen concentration in the overlying water is
likely due to diﬀusion limitation resulting from a smaller oxygen concentration gradient
(Grane´li, 1978; Boudreau and Jørgensen, 2001). However, the reduction in SOD will still
have implications for sediment organic matter mineralization. Assuming that sediment
porosity remains constant, an increase in the oxygen concentration of the overlying water
will increase the diﬀusion rate of oxygen into the sediments (Hartnett et al., 1998). If
the sediment oxygen consumption pathways are saturated then the rate of oxygen loss
with depth into the sediments will remain constant but the oxygen penetration depth will
increase. Alternatively, if the oxygen consumption pathways are limited by oxygen avail-
ability then the loss of oxygen with depth will increase with no change in the penetration
depth. The cases need not be mutually exclusive but both cases provide additional oxygen
for sediment organic matter mineralization (Epping and Jo¨rgensen, 1996).
The diﬀusion of oxygen into the sediments can also be limited by the thickness of the
diﬀusive boundary layer (i.e., the thin layer of water above the sediment-water interface
where diﬀusion is the dominant transport process)(Higashino et al., 2004; Glud et al.,
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2007; Bryant et al., 2010). Variation in the thickness of the diﬀusive boundary layer over
lake sediments is primarily determined by the turbulent energy of the benthic boundary
layer, which can vary over hourly time-scales due to seiching (Lorke et al., 2003; Bryant
et al., 2010). In lakes with relatively large seiches, SOD can vary as much as 85% over
a single seiche (Bryant et al., 2010). Variation in the thickness of the diﬀusive boundary
layer in neither the cores nor lakes from which the sediments were collected was measured
so it is impossible to assess the degree to which the cores reproduce the conditions found
in the lakes. All of the cores were incubated under identical conditions so diﬀerences in
the thickness of the diﬀusive boundary layer among cores is likely minimal. Accordingly
variability in my SOD values represent only a portion of the in situ variation in SOD.
After accounting for the variation in SOD due to temperature and oxygen concentra-
tion, I found signiﬁcant diﬀerences in SOD associated with the source of the sediments.
The diﬀerences among the sediments from the diﬀerent lakes were small relative to the
eﬀects of temperature and oxygen concentration but suggest that other factors may be
aﬀecting SOD on a landscape scale. Due to the confounding eﬀects of oxygen concentra-
tion and temperature not accounted for in the analysis of the temperature dependence
and oxygen availability experiments, respectively, diﬀerences in SOD among sediments
from the diﬀerent lakes need to be interpreted cautiously. Nonetheless, among the shallow
lakes, the sediments from lake S–3 consistently had higher SOD than those from lake E–4.
One possibility is that sediment metabolism diﬀers due to variation in sediment substrate
quality along a gradient of lake productivity (Sugai and Kipphut, 1992; Pace and Prairie,
2005).
Nutrient and chlorophyll data (Table 3) suggest that all of the lakes in this study
have similar and low water column productivity. Despite this, the organic content of the
surface (0 – 3 cm) sediments of S–3 is greater than E–4 (Chapter 5) and the sediments
from S–3 were more labile than those of E–4 when tested under controlled conditions
(Chapter 3). These results indicate greater quantities and a higher quality of sediment
organic matter in lake S–3, relative to lake E–4, which may result in greater SOD in the
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former. Nonetheless, the diﬀerences in SOD due to sediment source were small relative
to the eﬀects of temperature and oxygen availability and are not likely to have signiﬁcant
impacts on the variation in SOD over short temporal scales in intact sediments.
The distribution of temperature and oxygen in the lakes appears to be determined
primarily by thermal stratiﬁcation. The epilimnetic water was between 1.2 to 8.9o C
warmer than the bottom waters in the shallow lakes and 2.6 to 10.9o C warmer than the
bottom waters in lake GTH 91. Stratiﬁcation also had eﬀects on oxygen availability. In the
deeper lake (GTH 91) the continual summer stratiﬁcation resulted in substantial oxygen
deﬁcits in the hypolimnion, and hypolimnion oxygen concentrations rarely exceeded 60%
of those found at the epilimnion. The majority of the volume of both shallow lakes was
above the thermocline and thus well oxygenated, however the small hypolimnion became
rapidly depleted in oxygen during sustained stratiﬁcation. Yet, even these oxygen deﬁcits
were eliminated with the typical loss of stratiﬁcation at the end of July.
In addition to the eﬀects of thermal stratiﬁcation, the availability of oxygen is also
controlled by benthic photosynthesis. Greater than 40% of the sediment surface of the
shallow lakes and 20% of the sediment surface of lake GTH 91 were estimated to be above
the photosynthetic compensation point during the summer. Photosynthetic sediments can
have greater oxygen penetration depths (Epping and Jo¨rgensen, 1996) and should overall
have much lower oxygen limitation relative to sediments unable to support photosynthesis.
In lake GTH 91 sediment oxygen demand is estimated to contribute approximately
67% of the total hypolimnetic oxygen consumption. This estimate of the importance of
SOD to hypolimnetic oxygen consumption is greater than has been generally reported for
other systems. Algesten et al. (2005) found that sediment respiration was less than 10%
of whole lake respiration in 15 unproductive subarctic lakes. Kling et al. (1991) estimated
that sediment DIC production from lakes in the same region as my study ranged 13 to
50% of total lake DIC production. Although not directly comparable because they are
estimated diﬀerences within a single deep lake, den Heyer and Kalﬀ (1998) calculated that
sediment respiration was 27% of total respiration at 3 m and 18% of the total respiration
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at 10 m. The estimated relative contribution of SOD to hypolimnetic oxygen consumption
lake GTH 91 is also greater than what was observed (Lasenby, 1975; Cornett and Rigler,
1984) in similar temperate lakes (27 – 40%).
2.5.1 Conclusions
These results extend the observations of SOD to a relatively understudied region of the
Arctic. Consistent with the previous but limited measures of arctic lake SOD, the range
of SOD that I measured was toward the low end of what has been observed at lower
latitudes. Sediment oxygen demand (and therefore organic matter mineralization) was
primarily controlled by factors varying at the within-lake scale (i.e., temperature and
oxygen availability). Although temperature signiﬁcantly aﬀected SOD, these systems were
less sensitive to temperature than lakes in temperate and sub-arctic regions.
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Table 3: Morphometric characteristics and water column nutrient and chlorophyll a (Chl
a) concentrations of study lakes. SRP refers to soluble reactive phosphorus. Concentration
below the detection limit of the analysis are indicated with “bd”.
Lake Location Surface Area Maximum Depth NH4 NO3 SRP Chl a
(ha) (m) (휇M) (휇M) (휇M) (휇g L-1)
E-4 4.0 4 bd 0.5 0.4 1.7
S-3 4.2 5 0.2 bd bd 1.4
GTH 91 2.5 10 0.5 0.1 bd 1.5
Table 4: Experimental conditions of the temperature dependance experiment. The O2
Conc. Range is the range of initial oxygen concentrations in the cores.
Lake Date Temperature O2 Conc. Range Replicates
(oC) (mmol O2 L
-1)
GTH 91 21 Jun 2006 2 0.25 – 0.32 10
21 Jun 2006 9 0.25 – 0.30 10
19 Jun 2006 12 0.25 – 0.31 10
19 Jun 2006 17 0.24 – 0.28 10
S-3 11 Aug 2006 2 0.26 – 0.30 9
11 Aug 2006 8 0.27 – 0.32 9
8 Aug 2006 12 0.26 – 0.29 9
8 Aug 2006 17 0.24 – 0.28 9
E-4 2 Aug 2006 2 0.23 – 0.30 9
2 Aug 2006 7 0.24 – 0.33 8
4 Aug 2006 12 0.24 – 0.27 9
4 Aug 2006 17 0.20 – 0.24 8
Table 5: Results of the ANCOVA assessing the eﬀects of temperature and sediment source
on sediment oxygen demand from the temperature dependance experiment. Temp. refers
to the temperature of the incubation and Lake is the source of the sediments.
Source 푑푓 SS F p
Temp. 1 1056.2 62.4 < 0.0001
Lake 2 202.8 6.0 0.003
Temp. * Lake 2 17.6 0.5 0.596
Error 106 1792.7
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Table 6: Experimental conditions of the oxygen availability experiment. The O2 Conc.
Range is the range of initial oxygen concentrations in the cores.
Lake Date Temperature O2 Conc. Range Replicates
(o C) (mmol O2 L
-1)
GTH 91 26 Jul 2006 9 0.17 – 0.30 9
S-3 8 Aug 2006 12 0.11 – 0.29 9
E-4 4 Aug 2006 12 0.10 – 0.27 9
Table 7: Results of a repeated measures ANCOVA assessing the eﬀect of the oxygen
concentration in the overlying water on sediment oxygen demand from the oxygen avail-
ability experiment. Oxygen refers to the concentration of oxygen in the water overlying
the sediment cores and Lake is the source of the sediments.
Source 푑푓 푑푓푑푒푛표푚 F p
Intercept 1 123 243.1 < 0.0001
Oxygen 1 123 8.1 < 0.006
Lake 2 123 11.2 < 0.0001
Lake * Oxygen 2 123 0.8 0.44
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Table 8: Summary of temperature and oxygen proﬁles collected from the shallow lakes
(E–4 and S–3) during 2005–2008. Thermocline Z is the thermocline depth in m, while
“ns” indicates that the lake was not stratiﬁed. Kd is the light extinction coeﬃcient (m
-1).
O2 Deﬁcit is the area-weighted mean oxygen concentration of the hypolimnion (mg O2
L-1) divided by the area-weighted mean oxygen concentration of the hypolimnion (mg O2
L-1) multiplied by 100. Epi. and Hypo. Temp. are the area-weighted mean temperature
of the epilimnion and hypolimnion respectively. If there was no deﬁned hypolimnion
(i.e., the metalimnion contacted the bottom of the lake) the temperature of the deepest
measurement is recorded and indicated with an “∗”. Missing data is indicated with a dash
(–), uncalculated results are indicated with “NA”.
Lake Year Date Thermocline Z Kd O2 Deﬁcit Epi. Temp. Hypo. Temp.
E–4 2006 20 Jun 2.5 1.19 90 10.1 5.4
24 Jun 2.5 – 63 13.8 5.6
29 Jun 3.0 1.09 98 13.5 5.9
7 Jul 4.0 1.08 80 11.8 9.0∗
15 Jul 4.0 0.91 – 13.0 11.1∗
2 Aug 4.0 0.73 – 12.6 10.3∗
2008 30 Jun 3.0 1.16 114 15.1 8.2∗
9 Jul 3.5 0.92 56 15.3 9.4
14 Jul 3.0 0.90 49 15.0 10.1∗
21 Jul ns 0.76 NA 12.6 11.4∗
30 Jul ns 0.81 NA 10.0 NA
S–3 2005 8 Jul ns – NA 11.1 NA
19 Jul 3.0 – 97 14.4 10.0
25 Jul 4.5 – 104 15.2 12.7
8 Aug ns 0.78 NA 13.0 NA
2006 22 Jun 2 0.97 73 14.2 5.8∗
2008 30 Jun 2.5 0.98 63 15.4 7.4
9 Jul 3.5 0.87 100 16.7 7.8∗
14 Jul 3.5 0.78 – 16.3 8.8∗
22 Jul ns 0.69 – 11.4 NA
31 Jul ns 0.75 – 9.1 NA
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Table 9: Summary of temperature and oxygen proﬁles from the deep lake (GTH 91)
during 2005–2008. Thermocline Z is the thermocline depth in m, while “ns” indicates that
the lake was not stratiﬁed. Kd is the light extinction coeﬃcient (m
-1). O2 Deﬁcit is the
area-weighted mean oxygen concentration of the hypolimnion (mg O2 L
-1) divided by the
area-weighted mean oxygen concentration of the hypolimnion (mg O2 L
-1) multiplied by
100. 푥¯ 훼(푧) is the area-weighted average of the ratio of the sediment area to water volume
in the hypolimnion. Epi. and Hypo. Temp. are the area-weighted mean temperatures
(oC) of the epilimnion and hypolimnion respectively. There were two distinct thermoclines
on 26 Jul 2006. Missing data are indicated with a dash (–).
Year Date Thermocline Z Kd O2 Deﬁcit Epi. Temp. Hypo. Temp.
2005 22 Jul 3.5 – 53 12.6 5.6
28 Jul 4.5 – 39 14.9 5.4
3 Aug 4.5 – 26 12.8 5.3
2006 19 Jun 2.0 1.04 95 7.2 4.6
23 Jun 2.0 – 78 11.6 4.6
29 Jun 3.0 0.95 76 12.9 4.6
3 Jul 4.0 – – 11.9 4.5
7 Jul 3.5 0.87 59 11.5 4.4
19 Jul 5.0 0.87 60 11.9 4.5
26 Jul 5.5 0.94 49 14.3 (13.2) 4.4
1 Aug 4.0 0.56 32 13.4 4.4
2008 30 Jun 2.5 0.79 57 15.6 4.7
9 Jul 3.5 0.83 59 15.3 4.9
14 Jul 3.5 0.68 53 15.1 4.4
21 Jul 4.5 0.84 – 13.1 5.0
30 Jul 5.5 0.72 – 10.3 4.4
Table 10: The percentage of sediment area below the photosynthetic compensation point
during the summers of 2005 – 2007. The sediments are estimated to be a sink for oxygen
at irradiance levels less than 50휇E m-2 s-1 based on the results of the light experiment.
2005 2006 2007
Lake 12 Jun – 20 Aug 26 Jun – 24 Aug 24 Jun – 31 Aug
GTH 91 70 76 79
S–3 42 54 58
E–4 48 56 60
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Table 11: Estimate of the proportion of total hypolimnetic oxygen consumption due to
sediment oxygen consumption in lake GTH 91. Z is the depth in the lake in m. HOD is
the estimated hypolimnetic oxygen demand (mmol O2 m
-3 d-1). Vol is the volume of a 1
m thick slice of the hypolimnion below depth Z in m3. HOC is the hypolimnetic oxygen
consumption (mmol O2 d
-1). SOD is the estimated sediment oxygen demand at 4.5o C
(mmol O2 m
-2 d-1). Area is the sediment area in a 1 m slice below depth Z in m2. SOC
is the sediment oxygen consumption at depth Z (mmol O2 d
-1). Total is value of each
variable for the whole hypolimnion (6 - 8 m).
Z HOD Vol HOC SOD Area SOC SOC:HOC
6 3.7 7441 27532 10.5 1603 20518 0.75
7 7.0 5838 40866 10.5 1614 20659 0.51
8 5.5 4221 23215 10.5 1585 20288 0.87
Total 91613 61465 0.67
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Figure 2: The relationship between temperature and sediment oxygen demand (SOD) in
each lake. Each point represents the SOD from one core. The dashed line is the least
squares regression based on the ANCOVA of temperature and sediment source.
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Figure 3: The eﬀect of bottom water oxygen concentration on sediment oxygen demand
(SOD) in sediments from lakes GTH 91, S-3, and E-4. Each point represents SOD from
a single core and the dashed lines represent the least squares regression based on the
repeated measures ANCOVA of all three lakes.
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Figure 4: The eﬀect of irradiance on net sediment oxygen demand (SOD) in sediments
from lakes GTH 91, S-3, and E-4. Each point is the ﬂux from a single core. The horizontal
line indicates the sediment water interface. Points above the line represent ﬂuxes out of
the sediments and points below the line represent ﬂuxes into the sediments. The vertical
(dashed) line indicates the 50휇mol m-2 s-1 irradiance level where the sediments switch from
net oxygen consumption to net oxygen production.
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3 The impact of sediment source and oxygen avail-
ability on dissolved inorganic carbon production
(DIC) in lake sediment slurries
3.1 Introduction
The burial of organic matter in lake sediments is a major component of the global carbon
cycle (Cole et al., 2007; Sobek et al., 2009) as lakes are estimated to bury between 5 and 14
g C m-2 y-1 in their sediments (Dean and Gorham, 1998; Stallard, 1998) representing 22%
of the annual carbon burial in freshwater systems globally (Cole et al., 2007). Although the
factors controlling lentic burial are less well documented than in marine systems, organic
matter burial appears to be controlled both by the sedimentation rate and limitations on
the mineralization of organic material once deposited (Sobek et al., 2009).
Sediment organic matter mineralization is limited by environmental factors (e.g., tem-
perature, oxygen and electron acceptor availability) (Capone and Kiene, 1988; Andersen,
1996; Hartnett et al., 1998; Hulthe et al., 1998; Kristensen and Holmer, 2001; Lehmann
et al., 2002) and/or qualities of the organic matter itself (e.g., molecular structure) (Hansen
and Blackburn, 1991; Kristensen and Holmer, 2001). The paradigm of sediment organic
matter preservation in marine systems predicts that the factors controlling organic matter
preservation change with the time since sediment deposition. On sub–decadal and decadal
time scales, the majority of sediment organic matter loss results from selective mineraliza-
tion of labile material (Burdige, 2007). This selective loss of labile compounds increases
the relative amount of refractory material in the organic matter pool, reducing the miner-
alization rate with time. On century to millennial scales, the fate of this refractory organic
matter depends more on mechanisms that exclude organic material from mineralization
processes, such as anoxia or mineral sorption (Hulthe et al., 1998; Burdige, 2007). The
range of studies in freshwater is more limited, but research suggests that organic matter
mineralization in freshwater sediments follows a similar model (Capone and Kiene, 1988;
Bastviken et al., 2003), although mineral sorption may be minor (Sobek et al., 2009).
The overall eﬀect of environmental change on burial eﬃciency and the long-term fate
of buried organic matter in a particular region will depend on the relative importance
of structural and environmental limitations to sediment organic matter mineralization
(Sobek et al., 2009). If the principal factors controlling organic matter mineralization are
environmental, then changing conditions may result in the breakdown of previously stored
organic matter. However, if the preservation of sediment organic matter is based on the
structural lability of the organic matter, then environmental change will have little impact
on stored organic matter.
Arctic lakes in the region surrounding Toolik Lake are similar to other lakes in the
world in that they have organic sediments (Chapter 5) which sequester carbon for long
time periods (Cornwell and Kipphut, 1992). In Chapter 2, I show that virtually all of
the explainable variation in sediment oxygen demand (and by inference organic matter
mineralization) in sediment cores from 3 shallow, low arctic lakes is due to variation in
temperature and oxygen availability (i.e., environmental factors). This sensitivity of miner-
alization rate to these environmental conditions indicates that changing conditions could
have substantial eﬀects on organic matter preservation in these systems, irrespective of
the sediment source. However these ﬁndings are based on short-term incubations of in-
tact cores and it is unclear whether these ﬁndings reﬂect the limitations to mineralization
under more persistent environmental change. Chapter 5 shows signiﬁcant diﬀerences in
organic matter burial eﬃciency between lakes in the same region, suggesting that some
of the variation in organic matter burial on a landscape-scale is due to diﬀerences in the
source (and quality) of sediment organic matter between lakes.
In this chapter, I quantify sediment organic matter lability (DIC production) from
sediments of diﬀerent diagenetic age under oxic and anoxic conditions to assess the rel-
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ative role of environmental conditions and structural characteristics in limiting organic
matter preservation in low arctic lakes. I test the hypothesis that sediment organic matter
preservation in shallow, low arctic lakes is limited primarily by environmental conditions,
speciﬁcally isolation from oxic environments. This information will aid predictions about
the factors aﬀecting burial eﬃciency under future environmental conditions.
3.2 Materials and Methods
Sediments were collected using a K–B style corer on 25 June 2008 (Julian day 177) from
a depth of 3 m in lakes E–4 and S–3. A detailed description of these lakes can be found
in Chapter 2. Due to diﬀerences in sediment bulk density, 11 and 22 cores were required
to collect similar amounts of sediment from lakes E–4 and S–3, respectively. Sediment
slurries from each lake were prepared separately but identically. The sediments from the
cores were pooled into “surface” (1 – 2 cm) and “deep” (9 – 10 cm) fractions. The surface
and deep sediments were then each divided into the oxic and anoxic treatments. The
sediment batches were diluted to an estimated 22 mg dry sediment ml-1 using lake water
collected from 3 m in conjunction with the core collection. The amount of dilution needed
was calculated using the bulk density of the sediments determined in 2007. Following
dilution, the slurries were passed through a 200 휇m mesh to exclude macrofauna. The
lake water used to dilute the anoxic treatments was bubbled with N2 gas continuously to
remove oxygen. Twenty ml of slurry was added to each of 3 glass serum bottles (160 ml)
for each treatment combination. The oxic treatments were left open to the atmosphere
and the anoxic treatments were immediately sealed with a rubber stopper and purged 10
times with N2. Ten ml of the slurry from each treatment was added to a pre–weighed glass
scintillation vial and dried at 50o C for at least 48 h to determine dry sediment mass. The
dry sediment was then ashed at 550o C for 4 h to determine organic matter content by
loss on ignition.
The incubation began on Julian day 177 when all of the bottles were randomly arranged
on an orbital shaker turning at approximately 100 rpm. The bottles were incubated in
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total darkness and sampled on Julian days 178, 180, 184, 187, 193, 203, and 211. At the
beginning of each sampling event, the oxic treatments were sealed with a rubber stopper
and the stoppers of the anoxic treatments were brieﬂy pierced with a syringe to equalize the
pressure in the bottle. Approximately 1 h after the bottles were sealed (or equilibrated), a 4
ml sample of the headspace gas was removed with a syringe (sample T0). Two ml of the gas
sample were injected into a Shimadzu GC–8A, thermal conductivity gas chromatograph
(operating conditions: column = 2 m length x 1/8 od porapak N, carrier gas = ultra high
purity He at 30 ml min-1, column temperature = 50o C, injector and detector temperature
= 90o C, current = 140mA, precision = CV < 2% at 10 replicates of 1000 ppm CO2)
to determine the concentration of CO2. The remaining 2 ml of sample was injected into
a Shimadzu GC–8A, ﬂame ionization detector gas chromatograph (operating conditions:
column = 1 m Mol Sieve 5A (60/80), carrier gas = ultra high purity N2 at 33 ml min
-1,
column temperature = 90o C, injector and detector temperature = 140o C, precision =
CV < 1% at 10 replicates of 10 ppm CH4) to determine the CH4 concentration. On Julian
day 178, a second set of samples (T1 and T2) were collected at approximately 4 and 7 h
after the T0 sample. On all other sampling dates the T1 and T2 samples were collected
approximately 3 and 6 h from the T0 sample. Methane was not measured on Julian days
178 and 187.
Following the T2 sample collection, the pH of each slurry was measured. The bottles
remained sealed until the pH measurement was taken to minimize changes in pH due
to atmospheric exposure. Following the pH measurements, the anaerobic bottles were
resealed and purged 10 times with N2 to remove any oxygen that entered during the
sampling. Evaporative losses in the oxic treatments were determined gravimetrically on
Julian days 190 and 201. Lost volume was replaced with deionized water. The temperature
of the incubation room was measured with a mercury thermometer inserted into a water
bath adjacent to the incubation setup.
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3.2.1 Calculations and Statistical Analysis
The total inorganic carbon or CH4 production rate between the two sampling intervals
(T0 – T1 and T1 – T2) was calculated as the change in mass of headspace CO2 or CH4
plus the masses of aqueous DIC or CH4, normalized to the incubation time and the dry
mass of organic matter in the slurry. The mass of aqueous DIC and CH4 were calculated
using Henry’s Law and, in the case of DIC, the equilibrium constants for HCO3
-, CO3
2-
(David, 1996-1997), and the pH of the slurry.
Diﬀerences in the total inorganic carbon ﬂux were analyzed using a 3–way repeated
measures ANOVA with lake, Julian day, and treatment as factors plus all interactions. The
eﬀects of oxygen (oxic vs. anoxic) and sediment depth (surface vs. deep) were assessed
using orthogonal contrasts of the least squared means (LS–means) of the treatment factor.
All analyses were performed using JMP software (Ver. 4.0.4, SAS Institute Inc., Cary,
NC, 1989–2007). The methane ﬂux was not analyzed statistically.
3.3 Results
During the ﬁrst 16 d, the incubation room maintained a mean (± SD) temperature of 19.7o
C (± 0.7). Thereafter, the temperature ﬂuctuated more dramatically due to inadequate
temperature control (Fig. 5). Since sediment metabolic rates are signiﬁcantly aﬀected
by temperature, as well as length of incubation I cannot distinguish between temperature
and time eﬀects following Julian day 193 (Fig. 5). Because of the confounding eﬀects of
temperature and time, only data collected during the ﬁrst 16 days of the incubation (i.e.,
Julian days 177–193) were used in the analyses.
The initial percent organic matter content of the sediments diﬀered between the sed-
iments collected from the diﬀerent lakes and depths (Table 12). Percent organic matter
content was positively related to DIC production (F1, 6 = 14.07, p = 0.01) and predicted
70% of the variation in DIC ﬂux across all sampling dates (Fig. 6). Variation in DIC
ﬂux was signiﬁcantly aﬀected by the source of the sediments, the incubation time, and
the experimental treatment. All interactions were signiﬁcant except the 3-way interaction
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between the lake from which the sediments were collected, the incubation time, and the
experimental treatment (Table 13).
The source of the sediments (i.e., lake) had the largest eﬀect on DIC production (Fig.
7). Overall, the mean DIC ﬂux from lake S–3 sediments was 291% greater than the ﬂux
from lake E–4 sediments. The next largest eﬀect on DIC ﬂux was depth from which
sediments were taken. The orthogonal contrast between the surface and deep sediments
showed a signiﬁcant eﬀect of depth on the DIC ﬂux irrespective of the eﬀect of lake or the
presence of oxygen. The mean DIC ﬂux from the surface sediments was 190% greater than
from the deep sediments, overall. The presence of oxygen had the weakest eﬀect on the
DIC ﬂux. The orthogonal contrast between the oxic and anoxic sediments was signiﬁcant
but the mean DIC ﬂux from the oxic sediments was only 60% greater than the ﬂux from
the anoxic sediments. When the variation due to other variables was accounted for there
was a slight but signiﬁcant decline in mean DIC ﬂux with incubation time (i.e., Julian
day).
In addition to the main eﬀects, there were signiﬁcant interactions between the lake from
which the sediment was collected, the sediment depth, and the oxygen availability (i.e., the
lake by treatment interaction), which can be illustrated by looking at the eﬀects of sediment
depth and oxygen within each lake. Comparison of the DIC ﬂux from the same depth zone
in the presence and absence of oxygen illustrates the oxygen sensitivity of organic matter
mineralization (Fig. 7). In the sediments from lake S–3, the deep sediments in anoxic
conditions produced twice as much DIC as the deep sediments in oxic conditions. In
the treatments containing surface sediments from lake S–3, the oxic treatments produced
an average 40% more DIC than anoxic treatments. The deep sediments from lake E–4
had very low DIC production under anoxic conditions and the presence of oxygen raised
the mean DIC production by 642%. The eﬀect of oxygen was less dramatic in the surface
sediments of lake E–4 and the mean DIC ﬂux increased by only 120% in the oxic treatments
relative to the anoxic treatments.
Comparison of the DIC ﬂux from the surface and deep sediments measures any increase
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in organic matter recalcitrance with burial time. Diﬀerences in this comparison between
oxic and anoxic conditions suggests the stability of this recalcitrance in changing conditions
(i.e., oxygen availability). There was only a slight diﬀerence in mean DIC production
between the surface and deep sediments from lake S–3 in the absence of oxygen but 200%
greater mean DIC ﬂux in the surface sediments under oxic conditions (Fig. 7). Lake
E–4 had 160% greater mean DIC production in the surface sediments than in the deep
sediments under oxic conditions. In the absence of oxygen the mean DIC production from
the shallow sediments of lake E–4 was 780% greater than the DIC production from the
deep sediments.
Substantial methane production was only observed in the surface sediments in the
absence of oxygen (Fig. 8). The mean ﬂux from the surface anoxic sediments of S–3 was
1.7 times greater than the mean ﬂux from the surface anoxic sediments from E–4. Overall
methane production was 2 orders of magnitude lower than DIC production from the same
sediments.
3.4 Discussion
Dissolved inorganic carbon production (i.e., organic matter mineralization) from the sed-
iment slurries was signiﬁcantly aﬀected by both the source of the organic matter (i.e.,
sediments) and the presence of oxygen during the incubation. These results indicate that
both structural lability and environmental conditions (i.e., anoxia) may aﬀect sediment
organic matter preservation in low arctic lakes.
The greatest diﬀerences in DIC production resulted from the source of the sediments.
The mean DIC ﬂux from the sediments of lake S–3 was overall 291% greater than the
ﬂux from lake E–4 and the mean DIC ﬂux from the shallow sediments in both lakes was
190% greater than the ﬂux from the deep sediments. In both comparisons the greater
DIC ﬂux occurred in sediments with higher percent organic matter content. Since the
DIC ﬂux is normalized to grams organic matter in the slurry, the elevated DIC production
from sediments with higher percent organic matter reﬂects diﬀerences in sediment organic
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matter quality and not quantity. The eﬀect of sediment source on DIC ﬂux in these
lakes is similar to the response of DIC ﬂux to organic matter lability in both marine and
freshwater systems. Hansen and Blackburn (1991) found a 220% increase in DIC ﬂux
following an addition of labile organic matter (algal detritus) to marine sediment cores
and Bastviken et al. (2003) found 108% to 267% greater DIC production in predominantly
authochthonous versus allochthonous lake sediments.
The diﬀerences in organic matter lability between depths is likely related to the selective
mineralization of reactive organic matter as the sediments age (Burdige, 2007). The source
of the diﬀerences in organic matter lability between lakes is less clear but is likely due to
diﬀerences in epipelic production. Both lakes are ultra–oligotrophic and have very low
phytoplankton biomass (Table 3), suggesting that phytoplankton sedimentation is minor.
Despite clear diﬀerences in the percent organic matter content and lability of the sediments,
there are only minor diﬀerences between the lakes in depth and nutrient concentration
(Table 3). Lake S–3 has slightly lower light attenuation (Table 8) and it is likely that the
greater proportion of labile organic matter in lake S–3 sediments is due to greater benthic
primary production fueled by greater light penetration.
Overall these ﬁndings support the idea that the reactivity of autochthonous organic
matter favors mineralization and that sediment carbon sequestration is primarily sup-
ported by allochthonous organic matter sources (Sobek et al., 2009). The diﬀerence in
percent organic matter content between the deep sediments was much smaller than be-
tween the shallow sediments, suggesting that the sediment organic matter content of the
deep lake sediments will converge in time. Thus, the interaction between organic mat-
ter source and mineralization rate in these lakes and other shallow low arctic lakes may
normalize carbon burial over long time periods and minimize the eﬀect of diﬀerences in
autochthonous production.
The preservation of organic matter in sediments may also be aﬀected by environmental
conditions that prevent the breakdown of otherwise labile material. Previous work has
shown that the absence of oxygen (or limited oxygen exposure time) can limit sediment
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organic matter mineralization (Capone and Kiene, 1988; Hartnett et al., 1998; Sobek et al.,
2009). Oxygen is used as both an electron acceptor (Capone and Kiene, 1988; Bastviken
et al., 2003) and during the initial hydrolysis of complex organic molecules with oxidase
and peroxidase enzymes (Kristensen and Holmer, 2001; Bastviken et al., 2003; Burdige,
2007). The need for oxygen in the initial hydrolysis of complex molecules means that the
oxygen sensitivity of the mineralization rate often decreases with increasing organic matter
lability (Kristensen, 2000; Kristensen and Holmer, 2001; Lehmann et al., 2002).
Previous studies have found as much as 900% more DIC production from refractory
diatom cultures exposed to oxygen relative to anoxic incubations (Kristensen and Holmer,
2001). Less refractory sources of organic matter typically show less dramatic diﬀerences
and Andersen (1996) and Hansen and Blackburn (1991) found 25% and 57% greater DIC
ﬂux in oxic relative to anoxic intact marine cores respectively. Using eutrophic lake sed-
iments, Bastviken et al. (2003) found 28% greater DIC ﬂux in oxic relative to anoxic
conditions. The overall 60% increase in DIC ﬂux in oxic relative to anoxic conditions from
the sediments of the low arctic lakes in my study compares favorably to the lower end of
this range. However, the presence of oxygen signiﬁcantly increased the ﬂux of DIC from
the sediments of both lakes and there was a clear interaction between the eﬀect of oxygen
and the lability of the sediment.
Between the sediment sources there were signiﬁcant diﬀerences in the eﬀect of oxygen
on DIC production. In the sediments from lake E–4, the deeper sediments had 641%
more DIC production in the presence of oxygen. This level of oxygen sensitivity is in the
same range (300% to 900%) as cultures of refractory algal and terrestrial (hay) organic
matter (Kristensen and Holmer, 2001) and suggests that the organic matter in the deep
sediments of lake E–4 is diagenetically old (Kristensen, 2000; Burdige, 2007; Sobek et al.,
2009). The surface sediments of lake E–4 were much less sensitive to oxygen and only
showed 120% increase in mean DIC production in oxic conditions. However this increase
is still consistent with diagenetically aged material, such as the 127% increase in DIC ﬂux
under oxic conditions observed by Bastviken et al. (2003) for allochthonous lake sediments,
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and the 150% increase reported by Hulthe et al. (1998) for marine shelf sediments.
In the shallow sediments of lake S–3 the mean DIC ﬂux from the oxic treatments was
40% greater than the anoxic treatments. Hulthe et al. (1998) found that DIC production
from marine sediment slurries diﬀered between oxic and anoxic by only -21 to 35% when
fresh organic matter was added. The similarity of the eﬀect in the shallow sediments
from lake S–3 supports the conclusion that these sediments contain diagenetically young
(presumably autochthonous) organic matter.
The behavior of the deep sediments from lake S–3 was not consistent with the idea
that the mineralization of refractory organic matter is limited by oxygen. The deep sedi-
ments from lake S–3 incubated under anoxic conditions produced more DIC than the oxic
sediments. Highly labile organic matter can be mineralized at similar rates under oxic
and anoxic conditions (Kristensen, 2000; Burdige, 2007) but it is unlikely that such high
lability explains this observation. The surface sediments from lake S–3 show an increase
in DIC ﬂux when exposed to oxygen indicating that some of the organic matter in the
shallow sediments is suﬃciently refractory to be oxygen sensitive. If the anoxic DIC ﬂux
from the deep sediments was controlled entirely by the structural lability of the sediments,
then the amount of labile organic matter would have had to increase with burial, and there
is no reason to believe that the sediments would gain labile organic matter during burial.
210Pb analysis of the S–3 sediments shows no evidence of mixing down to the depth of the
deep sediment (10 cm) in this experiment (Chapter 5). The DIC ﬂux from the anoxic,
deep sediments had more variability than the other treatments from lake S–3. This vari-
ability suggests a less consistent process in this treatment despite the constant incubation
conditions. At present I do not have an explanation for the unexpected behavior of the
sediments in this treatment.
Methane production was two orders of magnitude lower than DIC production and es-
sentially only observed in the anoxic shallow sediments. The relative amount of organic
matter mineralized through methanogenesis therefore appears to be minor. In produc-
tive lakes, between 43% (Lojen et al., 1999) to greater than 80% (Ogrinc et al., 1997;
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Vrecˇa, 2003) of the overall gaseous C ﬂux may be derived from methanogenesis but the
low methane production (relative to DIC production) observed in the anoxic treatments
indicates that methanogenesis is not a major component of organic matter mineraliza-
tion in the unproductive lakes in this study. Signiﬁcant methane production by the oxic
treatments would not be expected but the lack of methane production in the deep anoxic
sediments further indicates the refractory nature of the buried organic matter. The greater
methane production in the sediments from lake S–3 relative to lake E–4 was consistent
with the idea that overall, more organic matter is being mineralized in lake S–3.
3.5 Conclusions
The mineralization of sediment organic matter was signiﬁcantly aﬀected by the source
of the organic matter and the presence of oxygen. Overall, diﬀerences in the structural
lability of the organic matter (i.e., the source of the sediments) had the greatest eﬀect
on DIC production. The largest diﬀerences in DIC production rates were observed in
sediments derived from diﬀerent organic matter pools; either diﬀerent lakes or diﬀerent
depths within a lake. Therefore, the organic matter preservation in these lakes appears
to be primarily facilitated by the structural lability of the organic matter inputs to the
sediments. Future changes in autochthonous inputs are not likely to have large impacts
on long-term organic matter storage but increased inputs of allochthonous material would
likely increase storage.
Exposing the sediments to oxygen increased the mineralization of sediment organic
matter and the relative eﬀect of oxygen was generally greatest in the most refractory
sediments. These ﬁndings suggest that changing environmental conditions that would
expose stored organic matter to oxygen (e.g., increased sediment resuspension or lake
drying), would result in mineralization losses and the relative eﬀect would be greater in
more refractory organic matter pools.
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Table 12: The sediment mass and organic matter content (% OM) of the slurries.
Lake Treatment g dry sediment ml-1 %OM
E–4
Anoxic Deep 0.020 29.2
Anoxic Shallow 0.032 32.6
Oxic Deep 0.019 29.8
Oxic Shallow 0.034 32.1
S–3
Anoxic Deep 0.008 35.2
Anoxic Shallow 0.017 63.6
Oxic Deep 0.008 36.5
Oxic Shallow 0.017 63.4
Table 13: Results of repeated measures ANOVA of the DIC ﬂux normalized to organic
matter mass.
Source 푑푓 푑푓푑푒푛표푚 F p
Lake 1 85 337.8 <0.0001
Julian 1 85 16.4 0.0001
Treatment 3 19 81.2 <0.0001
Lake * Julian 1 85 3.6 0.062
Lake * Treatment 3 85 44.3 <0.0001
Julian * Treatment 3 85 4.9 0.004
Lake * Julian * Treatment 3 85 0.7 0.526
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Figure 5: Mean temperature (oC) by Julian day during the sediment slurry experiment.
The vertical hash–marks along the X–axis indicate dissolved inorganic carbon (DIC) sam-
pling events.
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Figure 6: The relationship between dissolved inorganic carbon (DIC) ﬂux and the percent
organic matter content of the slurries in each lake. The line is best ﬁt least squares
regression through all of the points.
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Figure 7: A boxplot of the ﬂux of dissolved inorganic carbon (DIC) in each of the treat-
ments in lakes S–3 and E–4. The treatments are sediments from 9–10 cm without oxygen
(NO2D), surface (1–2 cm) sediments without oxygen (NO2S), sediments from 9–10 cm
with oxygen (O2D), and surface (1–2) sediments with oxygen (O2S). Boxes represent the
upper and lower quartiles, whiskers indicate 1.5 X the interquartile range. The median of
the data is represented by the horizontal bar within the box and the mean is represented
by “***”. Any values that fall outside of the range of the whiskers are shown as open
points. The numbers in parentheses are the values of outlying points that fall above the
scale of the axis.
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Figure 8: A boxplot of the ﬂux of methane from each of the treatments in lakes S–3 and
E–4. The treatments are sediments from 9–10 cm without oxygen (NO2D), surface (1–2
cm) sediments without oxygen (NO2S), sediments from 9–10 cm with oxygen (O2D), and
surface (1–2)sediments with oxygen (O2S). Boxes represent the upper and lower quartiles,
whiskers indicate 1.5 X the interquartile range. The median of the data is represented by
the horizontal bar within the box and the mean is represented by “***”. Any values that
fall outside of the range of the whiskers are shown as open points.
50
4 The eﬀect of light attenuation on thermal strati-
ﬁcation in arctic lakes: Implications for sediment
organic matter processing
4.1 Introduction
Lake sediments are an important component of global organic matter cycling. Globally,
lakes are estimated to retain between 0.03 to 0.07 Pg of organic carbon per year in their
sediments, which represents 30 to 60% of oceanic storage (Cole et al., 2007). Furthermore,
Holocene lentic sediments contain 25 to 50% of the total terrestrial organic carbon (Cole
et al., 2007). The fate of organic matter in lake sediments can therefore have implications
for the carbon cycling at scales greater than would be implied by their total surface area.
Chapters 2 and 3 show that increased oxygen availability and temperature signiﬁcantly
increase the mineralization of sediment organic matter in arctic lakes. Therefore, factors
aﬀecting the temperature and oxygen distribution of a lake will have implications for
sediment organic matter sequestration.
Thermal stratiﬁcation is the main factor controlling the distribution of temperature
and oxygen in lakes. Stratiﬁed lakes contain steep and persistent temperature and oxy-
gen gradients which alter biogeochemistry and trophic dynamics (Wetzel, 2001). Since
sediments are aﬀected by the physical properties of the overlying water, the depth and
intensity of lake stratiﬁcation also aﬀects sediment processes. In stratiﬁed lakes, the sedi-
ments of the epilimnion are exposed to relatively warm and oxygenated conditions which
elevate organic matter mineralization rates. In the hypolimnion, the sediments are ex-
posed to relatively cold temperatures and are isolated from inputs of atmospheric oxygen,
which lowers organic matter mineralization rates (Grane´li, 1978; Pace and Prairie, 2005;
Sobek et al., 2009). The depth of the thermocline determines the proportion of the sed-
iment area within the epilimnion and hypolimnion, and therefore the relative availability
of two principal factors determining the fate of sequestered sediment organic matter (i.e.,
temperature and oxygen).
The attenuation of light energy by suspended and dissolved compounds in the lake
water is one of the principal factors aﬀecting thermocline depth (Fee et al., 1996; Houser,
2006; Caplanne and Laurion, 2008) and therefore the distribution of temperature and
oxygen in lakes. There is evidence that dissolved organic carbon (DOC) inputs to freshwa-
ter systems may change under future climate scenarios due to changes in vegetation and
hydrology (Forsberg, 1992; Schindler et al., 1997; Clair et al., 1999; Evans et al., 2005)
which would change lake transparency and indirectly aﬀect organic matter storage in lake
sediments by changing the proportion of sediments exposed to conditions favoring organic
matter mineralization (i.e., warm and oxygenated) vs. storage (cold and anoxic). In this
study I evaluate the eﬀect of light attenuation on thermocline depth in two separate lake
groups during 2006, 2007, and 2008. I apply the results of these surveys to a well–studied
lake to predict the impact that changes in lake clarity would have on the proportion of
the lake sediments exposed to relatively warm, oxygenated water and therefore the storage
potential of sediment organic matter.
4.2 Materials and Methods
4.2.1 Lake Surveys
On 7 August, 2006, I sampled a total of 18 lakes in the region to the east of the Toolik Lake
Field Station (Fig 9). At each lake, a temperature and light (photosynthetic photon ﬂux
density; PPFD) proﬁle was collected using a YSI Model 85 multiparameter water quality
meter (temperature) and LiCor LI-192SA underwater 2휋 quantum sensor with a Li-Cor LI-
250 Quantum Meter (PPFD). In some lakes the proﬁles for both temperature and PPFD
were collected with a Hydrolab, Data Sonde 5. Light and temperature measurements
were collected at 0.5 m intervals from the water surface to the lake bottom or to a point
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where the lake reached a constant hypolimnetic temperature with increasing depth. The
thermocline depth was deﬁned as the depth with the greatest change in temperature from
the preceding depth. The light attenuation coeﬃcient (Kd) in the lake was determined as
the slope of the natural log of the PPFD with depth.
A second survey was conducted on 7 August, 2007. Twelve lakes were sampled to
the north of the Toolik lake ﬁeld station (Fig. 9). Temperature and light proﬁles were
collected and analyzed using the same methods as in 2006. Surface water samples for
dissolved organic carbon (DOC) concentration was collected in 20 ml borosilicate glass
scintillation vials. Each sample was ﬁltered through a 0.45 휇m polypropylene (PP) ﬁlter,
acidiﬁed with 500 휇l of 1N HCl and stored at 4o C until analyzed on a Schimadzu TOC–V
Total Carbon Analyzer for DOC.
The ﬁnal survey was conducted on 12 July, 2008. I resampled 15 of the same lakes
that were sampled in 2006. Temperature and light proﬁles were collected using the same
methods as in 2006 and 2007. A 1 L sample of surface water was collected from each lake
in an amber high density polyethylene (HDPE) sample bottle from which, 2 duplicate 20
ml sub–samples were ﬁltered through a 0.45 휇m PP ﬁlter and analyzed for chromophoric
dissolved organic matter (cDOM) using a Turner Designs 10–AU ﬂuorometer (Clark et al.,
2004). Following the cDOM measurement, the samples were acidiﬁed with 100 휇l of 1 N
HCl and analyzed on a Schimadzu TOC–V Total Carbon Analyzer for DOC. The remaining
960 ml of sample were used to determine Chlorophyll a (Chl a) concentration. Chl a
concentration was measured ﬂuorometrically (Turner Designs Model TD-70 Fluorometer)
from duplicate samples of ﬁlter–trapped (Whatman GF/F) particulate matter extracted
for 24 h in a buﬀered 90% acetone solution (Welschmeyer, 1994).
Lake areas and maximum depths were determined as part of a group sampling eﬀort
and lake watershed areas were calculated using a digital elevation model and the hydrology
toolset in ArcMap GIS software (ESRI, 2006). Monthly rainfall was calculated from data
collected by the Arctic LTER program (Shaver, 2006, 2008).
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4.2.2 Statistics and Calculations
The relationship between the thermocline depth and Kd was investigated with simple
regressions for each year. Variables were natural log transformed when appropriate to
improve linearity. Dissolved organic carbon, cDOM, and Chl a concentrations were stan-
dardized as Z–scores (Gotelli and Ellison, 2004) to facilitate direct comparison of the
regression slopes. Diﬀerences in watershed:lake area between the lakes sampled in 2007
and 2008 were compared using a Kolmogorov-Smirnov test. Dissolved organic carbon,
cDOM, and Chl a concentrations, as well as Kd, lake area, and Julian day were compared
using Pearson’s correlations. Analyses were performed in JMP (JMP, Ver. 4.0.4. SAS
Institute Inc., Cary, NC, 1989–2007) or R (R Development Core Team, 2009).
4.2.3 Case Study
The impact of the relationship between Kd and thermocline depth on the area of sediments
exposed to epilimnetic (i.e., warm and oxygenated) water was evaluated using data from
lake GTH 91. Lake GTH 91 (68.62oN; -149.47oW) is a 2.5 ha oligotrophic lake with a
maximum depth of 10 m. Temperature, irradiance and dissolved oxygen were sampled
using a YSI Model 85 water quality meter and LI-192SA underwater 2휋 quantum sen-
sor with a LiCor 250 Quantum Meter as described above. The bathymetry of the lake
was mapped by combining a lake perimeter measurement determined with a Tremble Geo
Explorer with sonar transects collected with a Garmin GPSMAP 180. The lake bottom
proﬁle was extrapolated from the sonar measurements using a triangulated irregular net-
work to convert the observed depths into 1 m contour lines in ARC–GIS (ESRI, 2006).
Surface areas and volumes of each depth interval were calculated using the 1 m contour
intervals. The surface area of the sediments above the thermocline was estimated from the
hypsographic curve for the lake.
To model how changes in lake clarity would aﬀect the percent sediment area above the
thermocline in lake GTH 91, I recalculated the thermocline depth and percent sediment
area above the thermocline following the addition or subtraction of 0.5 m-1 from Kd on each
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date using the relationship between thermocline depth, Kd, surface area, and Julian day
identiﬁed by the multiple regression described above. The magnitude of the hypothesized
addition or reduction in Kd (0.5 m
-1) is based on the mean Kd observed from the survey
lakes (0.51 m-1; see Results). The addition of this value therefore represents an approximate
doubling of the observed Kd.
4.3 Results
4.3.1 Lake Surveys
Light attenuation coeﬃcients (Kd) ranged from 0.21 to 0.97 m
-1 across all years and had
a mean (± 1 SD) of 0.51 (0.2) m-1 (Tables 14 and 15). The mean Kd in the lakes sampled
in 2008 was signiﬁcantly greater (F2, 44 = 6.4, p = 0.003) than the mean Kd of the 2006 or
2007 samples (Fig. 10). Kd was signiﬁcantly correlated with lake surface area in 2008 (r
= -0.68, p = 0.003) and Julian day (r = -0.47, p = 0.001) but not with lake surface area
in 2006 (r = -0.35, p = 0.152) or 2007 (r = 0.12, p = 0.716). Thermocline depth ranged
3.5 to 11.5 m across all years (Tables 14 and 15) and was signiﬁcantly related to Kd (Fig.
11, Table 16).
The DOC concentration ranged 4.2 to 6.0 mg L-1 in the lakes sampled in 2007, which
was signiﬁcantly greater (F1, 27 = 38.6, p < 0.001) and less variable than the range of
DOC concentrations (1.3 to 4.2 mg L-1) in the 2008 survey (Tables 14 and 15). Dissolved
organic carbon concentration was signiﬁcantly related to Kd in the 2008 survey (r
2 = 0.62,
p = 0.0002) but not in the 2007 survey (r2 = 0.17, p = 0.185) (Fig. 12). There was no
signiﬁcant diﬀerence in the watershed:lake area between the lakes sampled in 2007 and
2008 (p = 0.775)
During the 2008 survey, DOC and cDOM concentrations were signiﬁcantly and highly
correlated (r = 0.94, p < 0.0001). Chl a concentrations were also signiﬁcantly correlated
with DOC concentration (r = 0.52, p = 0.031) and cDOM concentration (r = 0.51, p
= 0.034). The signiﬁcant correlations prevent the partitioning of the individual impact
of each factor on Kd in a single model. Separate regressions show similar eﬀects of the
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standardized (Z–score) variables on Kd (Fig. 13). Chromophoric dissolved organic matter
concentration explained the most variation in Kd (r
2 = 0.78), while Chl a concentration
explained the least variation in Kd (r
2 = 0.34) and DOC concentration was intermediate
(r2 = 0.62) (Fig. 13). Estimating light attenuation due to Chl a concentration alone
using a Chl a speciﬁc attenuation coeﬃcient of 0.016 m-1 (mg Chl a)-1 (Bannister, 1974)
produced values varying from 0.006 and 0.034 m-1, which accounted for only 1.25 to 4%
of observed variation in Kd.
4.3.2 Case Study
Thermocline depth ranged between 2.0 and 5.5 m during the times that lake GTH 91 was
sampled in 2006 and 2008. Over the same time period, Kd ranged from 0.56 to 1.04 m
-1.
The model containing only Kd, surface area, and Julian day without interactions (Table
17) explains 92% of the temporal variation in thermocline depth in lake GTH 91. A
regression ﬁt to the actual data also explains 92% of the temporal variation in thermocline
depth and shows a 0.088 m d-1 increase in thermocline depth. The modeled data estimates
a 0.086 m d-1 increase in thermocline depth and skews the thermocline depth an average
of 12.4% deeper than the observed data (Fig. 14).
During the period sampled, the percent sediment area above the thermocline varied
from 44 to 75%. Following an increase in Kd of 0.5 m
-1 there would be a median decrease
in the percent sediment area above the thermocline of 30% overall. A decrease in Kd of
0.5 m-1 would result in a median increase in percent sediment area above the thermocline
of 14% (Fig. 15). The epilimnetic water of GTH 91 was an average (± 1 SD) of 7.2 (±
2.0) oC warmer (Fig. 16) and had an average of 2.5 (± 1.2) mg L-1 more dissolved oxygen
than the hypolimnetic water (Fig. 17).
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4.4 Discussion
4.4.1 Lake Surveys
The results of the surveys clearly show that lakes with greater light attenuation develop
shallower thermoclines. Although the relationship is correlative and therefore cannot in-
dicate conclusively that light attenuation determines thermocline depth, the relationship
between water clarity and thermocline depth has been observed in other freshwater sys-
tems. In small lakes (< 500 ha), water clarity is considered a principal factor controlling
thermocline depth (Fee et al., 1996; Mazumder and Taylor, 1994; Houser, 2006). Perhaps
the strongest evidence supporting a causal relationship between light attenuation and ther-
mocline depth is the deepening of the epilimnion that follows increases in clarity due to
other factors (e.g., pH or ﬁlter-feeder community shifts) (Bukaveckas and Driscoll, 1991;
Yu and Culver, 2000).
Light attenuation results from the absorption of photons by dissolved and particulate
matter suspended in the lake water (Wetzel, 2001). The lakes in the region of this study
contain very low levels of suspended particulates (K. Fortino, pers. obs.) and therefore, as
in other systems, light attenuation would likely result from chromophoric DOC (Fee et al.,
1996; Houser, 2006; Caplanne and Laurion, 2008). The ability of DOC concentration to
predict Kd diﬀered between the 2007 and 2008 surveys. In 2007, DOC was a poor predictor
of Kd and there was less light attenuation per unit of DOC than in the 2008 survey. In 2008,
DOC concentration explained 62% of the variation in Kd and was very highly correlated
with the cDOM concentration. Chromophoric dissolved organic matter was not measured
in 2007 but it is likely that the poor relationship between DOC and clarity in 2007 survey
is due to a decoupling of the bulk DOC concentration from the chromophoric component
of the DOC.
The lakes sampled in the diﬀerent years were in distinct lake groups so it is possible
that there are catchment-scale diﬀerences in the relative proportion of cDOM and non-
chromophoric DOC delivered to the lakes. However, non-chromophoric (and therefore, less
light attenuating) DOC is commonly derived from algal exudates or the photobleaching
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of cDOM within the lake (Zepp, 2003). Although Chl a was not measured in the 2007
lakes, algal biomass tends to be regionally very low and it is unlikely that the source of
the non–chromophoric DOC is algal exudates in these systems. The most likely source
of the non-chromophoric DOC in the 2007 survey lakes is the photobleaching of cDOM.
Photobleaching rates are variable between lakes but color loss can be as high as 19% d-1
(Reche et al., 1999). Lakes with greater lake-water residence time tend to have greater
photobleaching of the cDOM (Hargreaves, 2003). Relative diﬀerences in water residence
time can be estimated by comparison of watershed area relative to lake volume. I do not
have measures of lake volume for the survey lakes, but lake volume is well correlated with
lake surface area in those lakes in the region for which bathymatric data exist (r = 0.98, n =
20; K. Fortino unpub. data). Therefore, watershed:lake area should provide an estimate
of relative water residence time. There is no diﬀerence in watershed:lake area between
the lakes in the 2007 and 2008 surveys and thus, no simple morphometric prediction of
greater water residence times and photobleaching in the 2007 survey lakes. Alternatively,
hydrologic diﬀerences between the years may have resulted in diﬀerences in water residence
times and photobleaching potential. The June and July rainfall totals in 2007 were 34 and
55% respectively of those for 2008 (Shaver, 2007, 2008). The lower rainfall during 2007
should have increased the water residence time of the lakes and may have increased DOC
photobleaching.
In the 2008 survey DOC, cDOM, and Chl a all have a nearly identical relationship
with Kd, however the correlation between the factors prevents the statistical partitioning
of their individual eﬀects. Unlike in 2007, bulk DOC is highly correlated with Kd and
cDOM, suggesting that photobleaching was likely minor and that both variables reﬂect
allochthonous organic matter (OM) inputs. The relationship between Chl a and Kd is
signiﬁcant but estimation of the light attenuation speciﬁc to Chl a shows that the observed
Chl a concentrations could only account for a small amount (< 5%) of the measured Kd.
Overall, these results suggest that Kd is likely controlled by variation in the input and
photobleaching of allochthonous OM.
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4.4.2 Case Study
A regression using Kd, Julian day, and lake surface area (without interaction) accurately
predicted the observed changes in thermocline depth in lake GTH 91. The model skews
the thermocline depth an average of 12.4% deeper than the observed data but it is not
clear what factors may be contributing to this bias. The observed data show that as the
thermocline increases throughout the summer, the sediment area above the thermocline
increases from slightly less than half to more than three fourths of the total sediment
area indicating that thermocline depth is a major factor determining the temperature and
oxygen conditions of the sediments.
Previous incubations of sediment cores from lake GTH 91 and other regional lakes
showed that sediment organic matter mineralization (measured as sediment oxygen de-
mand) declined between a 1.8 and 2.2 mmol O2 m
-2 d-1 per mg L-1 drop in oxygen con-
centration (Chapter 2). Similarly log sediment organic matter mineralization declined an
average of 0.22 (mmol O2 m
-2 d-1) per reduction in log degree C. Combining these esti-
mated eﬀects with the observed mean diﬀerences in temperature and oxygen concentration
between the epilimnion and hypolimnion in lake GTH 91 predicts 6 to 7 mmol O2 m
-2 d-1
greater oxygen consumption (and therefore organic matter mineralization) in the sediments
of the epilimnion relative to those in the hypolimnion. These estimates are conservative
since they are based on sediment oxygen demand in dark incubations. Photosynthetic
oxygen production in the epilimnion could increase the diﬀerences between the epilimnion
and hypolimnion even further. The proportion of epilimnetic sediment area and therefore
the proportion of the lake with a greater organic matter mineralization rate in the sedi-
ments is determined by thermocline depth. Since cDOM concentration is a major factor
controlling thermocline depth, the loading of cDOM has an important indirect eﬀect on
the mineralization and storage of organic matter in the lakes sediments.
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4.5 Implications and Conclusion
The arctic is expected to experience dramatic changes as a result of human induced cli-
mate warming (Chapin et al., 2005; Sturm et al., 2005). One likely outcome is that the
increase in terrestrial primary production that results from warming and shrub expansion
(Myneni et al., 1997; Jia et al., 2003) will result in increased organic matter export from
the landscape to the lakes (Neﬀ and Hooper, 2002). Warming may also directly stimulate
soil DOC production and increase the export of DOC from the landscape (Freeman et al.,
2001; Worrall and Burt, 2004).
A decrease in organic matter export from the landscape is also possible. Soil organic
matter could be lost as CO2 if soil carbon mineralization is stimulated to a greater degree
than primary production (Shaver et al., 1992). Reduced precipitation and the resultant
decline in soil moisture and runoﬀ would also reduce the amount of DOC exported from
the landscape (Schindler et al., 1997; Tranvik and Jansson, 2002; Blodau et al., 2004; Clark
et al., 2005). However, drying can stimulate the production of soil DOC (Freeman et al.,
2001; Worrall et al., 2004) and may lead to an increase in DOC export even in the absence
of shrub expansion. Although it is unclear as to the direction, the ongoing alterations in
arctic climate will almost certainly alter the delivery of DOC to lakes.
Changes in Kd substantially alter the amount of sediments exposed to the relatively
warm, oxygenated waters of the epilimnion. A decrease in cDOM loading from the wa-
tershed would increase thermocline depth and result in an overall increase in the area of
epilimnetic sediments with greater organic matter mineralization rates and would reduce
organic matter burial eﬃciency. Conversely, an increase in cDOM loading would reduce
thermocline depth and the area of epilimnetic sediments with greater organic matter min-
eralization rates thereby increasing the burial eﬃciency of the lake.
Concomitant with these eﬀects on burial eﬃciency would be the other impacts of
changes in cDOM (and more generally OM) loading from the watershed. Allochthonous
inputs are an important source of organic matter to the sediments of oligotrophic lakes
(Wetzel, 2001), so changes in OM loading will alter the delivery of organic matter to
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the sediments simultaneous with the alterations in the processing of that organic matter.
In the case of increased OM loading from the watershed, the lake will experience both
an increase in the amount of organic matter inputs and a reduction in the proportion
of epilimnetic lake sediments with reduced burial eﬃciency due to cDOM. Therefore it is
possible that the net eﬀect of these two processes could buﬀer the system against increased
organic matter mobility from the watershed.
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Table 14: Description of lakes surveyed during 2006 and 2008. Zmax is the maximum depth
of the lake (m), Area is the surface area of the lake (ha), WS Area is the area of the lakes
watershed (ha), Kd is the light attenuation coeﬃcient in m
-1, Thermocline Z is the depth
of the thermocline (m), DOC is the concentration of dissolved organic carbon in mg L-1,
cDOM is the concentration of chromophoric dissolved organic matter in quinone sulfate
units (QSU), and Chl a is the concentration of chlorphyll a in 휇g L-1. A dash indicates
that the lake was not stratiﬁed at the time of the sampling. A “ns” indicates that the
parameter was not sampled.
Lake Zmax Area WS Area Year Kd Thermocline Z DOC cDOM Chl a
GTH 30 21.4 6.8 526.9 2006 0.87 5.0 ns ns ns
2008 0.86 4.0 4.2 67.6 0.84
GTH 31 12.0 2.2 114.0 2006 0.58 6.0 ns ns ns
2008 0.97 3.5 3.9 59.6 0.76
GTH 32 15.7 12.9 568.0 2006 0.80 6.0 ns ns ns
2008 0.70 4.5 3.6 48.7 1.1
GTH 33 13.3 4.2 635.9 2006 0.76 5.0 ns ns ns
2008 0.77 4.0 3.7 46.55 1.07
GTH 34 17.4 3.6 782.6 2006 0.80 5.5 ns ns ns
2008 0.83 4.5 3.5 47.9 0.92
GTH 57 21.6 30.0 228.5 2006 0.25 9.5 ns ns ns
2008 0.39 5.5 2.3 15.5 0.46
GTH 58 16.2 4.1 103.2 2006 0.39 7.5 ns ns ns
2008 0.61 3.5 4.1 45.1 1.3
GTH 65 16.5 4.3 141.2 2006 0.38 6.0 ns ns ns
2008 0.62 4.0 3.1 46 0.91
GTH 66 25.9 16.6 202.9 2006 0.30 7.0 ns ns ns
2008 0.54 4.0 2.1 20.9 0.46
GTH 68 27.4 77.1 478.7 2006 0.26 11.5 ns ns ns
2008 0.30 5.5 1.3 5.9 0.42
GTH 69 14.3 6.1 17.1 2006 0.37 6.0 ns ns ns
GTH 71 18.3 17.1 66.0 2006 0.23 9.0 ns ns ns
2008 0.47 5.5 1.4 3.9 0.55
GTH 73 13.7 9.9 213.9 2006 0.46 – ns ns ns
2008 0.68 4.5 2.3 17.5 0.97
GTH 74 11.3 5.9 1295.1 2006 0.27 – ns ns ns
2008 0.65 4.5 2.8 33.9 0.64
GTH 92 10.4 5.6 842.0 2006 0.23 7.5 ns ns ns
2008 0.62 4.0 1.7 25 0.80
GTH 96 9.2 8.2 504.8 2006 0.21 9.5 ns ns ns
2008 0.85 4.5 3.3 46.7 2.1
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Table 15: Description of lakes surveyed during 2007. Zmax is the maximum depth of the
lake (m), Area is the surface area of the lake (ha), WS Area is the area of the lake’s
watershed (ha), Kd is the light attenuation coeﬃcient (m
-1), Thermocline Z is the depth of
the thermocline (m), and DOC is the concentration of dissolved organic carbon (mg L-1).
Lake Zmax Area WS Area Kd Thermocline Z DOC
GTH 10 11.3 0.1 11.7 0.37 5.5 4.5
GTH 13 11.3 19.8 112.8 0.49 4.5 5.5
GTH 16 9.8 6.7 82.4 0.39 6.0 4.7
GTH 18 15.2 13.6 495.7 0.41 6.5 4.2
GTH 19 10.7 4.3 16.1 0.37 6.5 4.2
GTH 20 18.3 1.2 39.1 0.46 5.5 6.0
GTH 21 13.7 5.1 373.3 0.39 6.0 4.6
GTH 23 9.5 1.3 518.5 0.42 5.5 5.0
GTH 24 9.1 3.3 937.1 0.57 5.0 4.6
GTH 76 12.2 6.2 53.3 0.41 7.5 4.4
GTH 80 10.1 2.1 73.2 0.44 6.0 4.5
GTH 81 10.1 12.7 62.6 0.41 6.5 4.3
Table 16: Results simple regression analysis of the Kd and thermocline depth in the 2006,
2007, and 2008 survey lakes.
Year Source 푑푓 SS F p
2006 Kd 1 28.1 17.20 0.001
Error 14 22.9
2007 Kd 1 2.48 5.58 0.040
Error 10 4.44
2008 Kd 1 3.79 15.31 0.001
Error 15 3.71
Estimate r2
2006 Intercept 9.76 0.55
Kd -5.77
2007 Intercept 9.45 0.36
Kd -8.25
2008 Intercept 6.20 0.51
Kd -2.67
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Table 17: Results of the multiple regression analysis (without interaction terms) of the
factors aﬀecting thermocline depth in the survey lakes.
Source
푑푓 SS F p
Model 3 91.20 35.40 < 0.0001
Error 41 35.21
Estimate Std. Err. t p
Intercept -7.08 3.22 -2.20 0.03
Kd -3.08 0.87 -3.53 0.001
Area 0.04 0.01 3.76 0.001
Julian Day 0.067 0.014 4.85 <0.0001
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Figure 10: Light attenuation coeﬃcient (Kd) by year. Boxes represent the upper and lower
quartiles, whiskers indicate the full extent of the data or 1.5 X the interquartile range. The
median of the data is represented by the horizontal bar within the box and the mean is
represented by “***”. Any values that fall outside of the range of the whiskers are shown
as open points.
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Figure 11: The relationship between thermocline depth and light attenuation coeﬃcient
(Kd) in surveys conducted between 2006 and 2008. The line represents the best ﬁt least
squares regression.
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Figure 12: The relationship between the dissolved organic carbon (DOC) concentration
and light attenuation coeﬃcient (Kd) in the lakes sampled in 2007 and 2008.
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Figure 13: The relationship between the light attenuation coeﬃcient (Kd) and Z–score
standardized dissolved organic carbon (DOC), chromophoric dissolved organic matter
(cDOM), or natural log transformed chlorophyll a (Chl a) concentrations in the lakes
sampled in 2008.
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Figure 14: A plot of the temporal variation in actual (open circle, solid line) and modeled
(solid circle, dashed line) thermocline depth in lake GTH 91. The lines show the least
squares ﬁt to the data.
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Figure 15: Percent sediment area above the thermocline predicted with either an increase
(solid circles) or decrease (open circles) in Kd of 0.5 m
-1 by the observed percent sediment
area above the thermocline. The diagonal line indicates a 1:1 change. Points above the
line indicate where the thermocline depth is predicted to increase relative to the current
conditions and points below the line indicate where the thermocline depth is predicted to
decrease relative to the current conditions.
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Figure 16: Mean temperature of the epilimnion and hypolimnion of lake GTH 91 during
the summers of 2006 and 2008.
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Figure 17: Mean dissolved oxygen concentration of the epilimnion and hypolimnion of lake
GTH 91 during the summers of 2006 and 2008.
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5 The distribution of sediment organic matter in arc-
tic lakes
5.1 Introduction
The anthropogenic alteration of the global carbon cycle through forest clearing and the
burning of fossil fuels has highlighted the need to understand the distribution and fate
of organic carbon in the world’s ecosystems. Cole et al. (2007) estimate that globally,
lakes store between 0.03 and 0.07 Pg of organic carbon per year in their sediments. Thus,
despite covering < 3% of the earth’s land surface (Downing et al., 2006) lakes represent
hot spots of organic matter storage.
Changes in the amount of organic matter in an ecological system such as a lake re-
sult from the balance of organic matter inputs and losses. Gross primary production and
detrital import increase the amount of organic matter in the system, while ecosystem
respiration, organic matter export, and non-biological oxidation remove organic matter
(Lovett et al., 2006). In lake sediments, the losses due to non-biological oxidation and
ﬂuvial export are likely minimal. Thus the organic matter content of lake sediments is de-
termined principally by benthic gross primary production plus detrital imports (terrestrial
and pelagic), minus total sediment respiration.
In the small shallow systems that dominate the worldwide distribution of lakes (Down-
ing et al., 2006), benthic primary production is often a large component of whole lake
primary production (Stanley, 1976a; Vadeboncoeur et al., 2002, 2008; Whalen et al., 2008;
Ask et al., 2009; Karlsson et al., 2009). Benthic net primary production can substantially
increase the sediment organic matter content of shallow lakes and ponds (Stanley, 1976b).
In shallow eutrophic lakes, high phytoplankton production shades the lake bottom and
limits benthic primary production (Vadeboncoeur et al., 2003) while simultaneously fu-
eling large phytodetritus exports to the sediments. However meso- to oligotrophic lakes,
lacking high phytoplankton settling ﬂuxes, receive most of their organic matter inputs
from the settling of organic particles that wash into the lake from the watershed (Molot
and Dillon, 1996). Thus in lake ecosystems, the addition of organic matter to the sedi-
ments will depend on the relative importance of factors that control the rate of benthic
and pelagic primary production and the rate of organic matter input from the watershed.
Light is the principal factor limiting the amount of benthic primary production in lakes
(Stanley, 1976b; Bjork-Ramberg, 1983; Hansson, 1992; Vadeboncoeur et al., 2001; Ask
et al., 2009; Karlsson et al., 2009) and benthic production is not often directly aﬀected by
nutrient inputs to the lake (Bjork-Ramberg, 1983; Vadeboncoeur et al., 2001). The factors
controlling the input of organic matter to the sediments are related to the source of the
material. Inputs of phytodetritus typically are restricted by the nutrient limitation of the
phytoplankton. Fertilization of an oligotrophic lake in the same region as the present study
resulted in substantial stimulation of phytoplankton production and the elevated input of
phytodetritus to the sediments (O’Brien et al., 2005). The factors controlling the delivery
of organic material from the watershed to the lake are more diverse and are related to the
soil characteristics and the hydrology of the watershed (Forsberg, 1992; Freeman et al.,
2004; Worrall and Burt, 2004; Worrall et al., 2004).
The accumulation of sediment organic matter via the above mechanisms is constantly
being countered by heterotrophic respiration of organic substrates. Sediments are a dy-
namic venue for the mineralization of organic matter, and respiration can greatly reduce the
accumulation of sediment organic matter (Stanley, 1976a; Ask et al., 2009). Over geologic
time scales only a very small proportion of deposited organic matter will ultimately escape
mineralization (Burdige, 2007). However the rate of sediment organic matter decompo-
sition is limited by temperature, the availability of electron acceptors (notably oxygen),
and the lability of the organic matter substrate (Capone and Kiene, 1988; Canﬁeld, 1994;
Burdige, 2007). The most rapid mineralization rates typically occur under aerobic condi-
tions, on labile substrates, and at warmer temperatures, conditions not found in most lake
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sediments (Capone and Kiene, 1988).
Integration of the above processes indicates that the organic matter content of a given
sediment sample will reﬂect its production, deposition and mineralization history. This
history is the result of factors that vary across spatial and temporal scales. Understand-
ing the scale at which the factors aﬀecting organic matter storage in lake sediments are
operating will allow for more informed predictions regarding how these processes will be
aﬀected by natural and anthropogenetically driven variation.
Lakes make up an important component of the ecology and biogeochemistry of the
Arctic (Hobbie et al., 1980) and are likely to play a signiﬁcant role in how arctic ecosystems
respond to anticipated climate changes (Tranvik et al., 2009). I surveyed the organic
matter content of the upper 10 cm of sediment in the shallow and deep portions of lakes in
the Alaskan Arctic. Combining measurements of sediment organic matter content and its
loss with sediment depth and measurements of associated environmental variables (e.g.,
depth, water temperature, irradiance, dissolved oxygen), I evaluate the questions: 1) What
factors correlate with the organic matter content of arctic lake sediments and with the loss
of organic matter with sediment age? and 2) At what spatial scales do patterns in sediment
organic matter content and loss rate manifest?
5.2 Materials and Methods
5.2.1 Core Sampling and Sediment Collection
Sediments were collected using a K–B style gravity corer from 23 lakes in the region of
the Toolik Lake Biological Station (Fig. 18). In 2007, all cores were sectioned into 1
cm increments in the ﬁeld. Each sediment section was homogenized and transferred to a
preweighed 20 ml plastic scintillation vial. Two cores each were collected from a single
“shallow” and “deep” location in each lake. The relative designations of “shallow” and
“deep” refer to samples collected at the shallowest depth with suﬃcient sediments for
coring and the deepest location in the lake. If the shallowest depth suitable for coring and
the maximum depth of the lake were similar, only a single sample was collected and was
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designated “shallow” or “deep” based on the sample depth relative to the depth of the
other lakes in the survey.
In 2008 lakes E–4, S–3 and GTH 91 were sampled in the same manner as the lakes
surveyed in 2007 except that the sediments were collected into a 15 ml glass centrifuge tube
following slicing. The porewater was extracted from these sediments via centrifugation
(1000 or 2000 rpm for 30 min) and the sediments were transferred to glass 20 ml scintillation
vials. All sediments were dried at 40 – 60o C for at least 48 h or 105o C for 12 h. The
percent organic matter in the sediments was determined as the percent mass lost after 4
h at 550o C (Wetzel and Likens, 2000).
5.2.2 Environmental and Spatial Variables
Depth proﬁles of temperature and dissolved oxygen were collected using either a YSI Model
85 multiparameter water quality meter or Hydrolab, Data Sonde 5. All proﬁles began just
below the air-water interface and measurements were collected in 0.5 m intervals to the
deepest point in the lake. Photosynthetic photon ﬂux density (PPFD) was measured
in 0.5 m intervals using a LI-192SA underwater 2휋 quantum sensor with a Li–Cor LI-250
quantum meter. The percent of the PPFD reaching the sediments at each depth (hereafter,
percent surface irradiance) was estimated using the light attenuation coeﬃcient calculated
as the slope of the natural log of PPFD with depth. Lake watershed areas were calculated
using a digital elevation model and the hydrology toolset in ArcMap GIS software (ESRI,
2006).
The glacial geology of each lake in the survey was determined from the map in Hamilton
(2002). Lakes were assigned to either the Itkillik glacial drift (id) or the Sagavanirktok
glacial drift (sd). All of the lakes in the Itkillik drift are on the phase II drift which occurred
between 25 and 11.5 kyr. Lakes E–2 and E–pond are on the phase I drift which has an age
of 120 to 55 kyr. The older Sagavanirktok surface is between 780 and 125 kyr (Hamilton,
2002). Two lakes could not be clearly assigned to one of the above categories. Hamilton
(2002) shows lake S–3 on subglacial meltwater deposits associated with the Itkillik drift
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so this lake was included with the younger id lakes. Finally lake GTH 110 occurs partially
on the sd surface and partially on soliﬂuction deposits (Hamilton, 2002) but was grouped
with the sd lakes.
5.2.3 137Cs Analysis
Sediment accumulation rates were determined for lakes E–4, S–3, and GTH 91 using 137Cs
analysis. Two sediment cores were collected from the deepest location in each lake using a
K-B style sediment corer. The upper 10 cm of the cores were sectioned in 1 cm intervals as
described above. The sediments from each section were homogenized and dried at 40 – 60o
C for at least 48 h. The 137Cs analysis was performed at the Department of Environmental
Science, Policy, and Geography, University of South Florida. Brieﬂy, the 137Cs activity was
measured from the 661.66 keV gamma peak, using an intrinsic germanium detector coupled
to a multi-channel analyzer (Princeton Gamma-Tech HPGe). Activity was calculated by
multiplying the counts per minute by a factor (determined from standard calibrations)
that includes the gamma-ray intensity and detector eﬃciency. Identical geometry was
used for all samples.
The peak 137Cs activity was taken to represent sediments that were deposited in 1963,
thus the sediment deposition rate (cm y-1) could be estimated from the amount of sediment
above the peak 137Cs activity. The mass accumulation rate (g cm-2 y-1) was determined
using the product of the mean density of the solid portion of the sediment, the sedimen-
tation rate in cm y-1 and unity minus the mean porosity of the core (Berner, 1980). The
mean density of the solids in the core was assumed to be 2.0 g cm-3.
5.2.4 Statistics and Calculations
The mean percent organic matter content of the sediments (hereafter, mean percent organic
matter) was calculated by averaging the percent organic matter in each sediment slice
across the entire 10 cm core. The rate of sediment organic matter loss with sediment depth
was estimated by ﬁtting a linear model (least squares) to the change in percent sediment
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organic matter with depth. The slope of this relationship (percent organic matter cm-1)
was scaled to the age of the sediments (percent organic matter y-1) by multiplying the slope
of the percent organic matter by depth relationship by the average sediment accumulation
rate (cm y-1) in lakes S–3 and E–4 calculated using the 137Cs dates. The percent organic
matter of the sediments at the sediment–water interface (hereafter surface percent organic
matter) was deﬁned by the y–intercept of the linear model of percent sediment organic
matter and sediment depth.
The diﬀerences between the loss of organic matter with age in the shallow and deep
samples and all comparisons between the old (sd) and young (id) landscapes was evalu-
ated with a Kruskal Wallis test due to non–homogeneity of variance between the groups.
All other comparisons were made using analysis of variance (ANOVA). The relationships
between the organic matter variables (i.e., loss of organic matter with age, mean percent
organic matter, and surface percent organic matter) and environmental variables (i.e., the
lake depth from where the core was collected, percent surface irradiance, water column
dissolved oxygen concentration, and water temperature) were explored using pairwise Pear-
son’s correlations. Any comparisons with a correlation coeﬃcient greater than 0.3 were
tested for signiﬁcance.
Mantel tests were used to assess the correlation between the Euclidean distance ma-
trices of the organic matter variables and the geographic distance between the lakes (Eu-
clidean distance in decimal degrees). Diﬀerences in the mean and surface percent organic
matter as well as the loss of organic matter with age for lakes on the diﬀerent aged land
surfaces (i.e., sd or id) were assessed with separate ANOVAs for each response variable.
For the lakes with sediment oxygen demand data (Lakes E–4, S–3, and GTH 91), I
estimate the time required to mineralize the observed diﬀerence in organic matter between
the uppermost and lowermost slices of the 10 cm cores based on the mean sediment oxygen
demand from the temperature dependence experiment described in Chapter 2. I calculated
the loss of organic matter mass in each core slice by multiplying the organic matter mass
of the uppermost slice by the proportion of the percent organic matter in the surface
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slice remaining at each depth in each core. The fraction of the original organic matter
remaining was calculated as the percent organic matter at a given depth divided by the
percent organic matter in the surface slice. I estimated the days required to mineralize
the diﬀerence in organic matter between the uppermost and lowermost slices, assuming
that the organic matter was either all autochthonous or all allochthonous. In both cases
I used a sediment oxygen demand of 15.35 mmol O2 m
-2 d-1 (i.e., the mean sediment
oxygen demand measured in the temperature dependence experiment from Chapter 2).
For the assumption of all autochthonous organic matter I used a DIC:O2 ﬂux ratio of 0.77
and a 106:16:1 C:N:P (Torgersen and Branco, 2007). For the assumption that all of the
organic matter was allochthonous, I used a DIC:O2 ﬂux ratio of 0.98 and a 790:7.6:1 C:N:P
(Torgersen and Branco, 2007). All analyses were performed in R (R Development Core
Team, 2009)
5.3 Results
Shallow samples were collected from 20 lakes and deep samples were collected from 13
lakes. The mean (± SD) depths of the shallow and deep samples were 2.4 (0.7) and 6.7
(2.9) m respectively. The mean percent organic matter of the sediments ranged from 17.2
to 68.9% and the surface percent organic matter ranged from 15.9 to 76.7%. The surface
percent organic matter and the mean percent organic matter of the same sample were
nearly perfectly correlated (r = 0.97, p = < 0.001) (Fig. 19). The average mean or surface
percent organic matter did not diﬀer signiﬁcantly between the shallow and deep samples
(Fig. 20). Both the mean and surface percent organic matter showed correlations greater
than 0.3 with percent surface irradiance and dissolved oxygen concentration in the water
column. Examination of the relationships indicated that the positive correlations were
being driven primarily by interactions in the shallow samples. Thus, separate linear models
were constructed for the two depths (Fig. 24). In the shallow samples, the dissolved oxygen
concentration ranged from 6.3 to 13.3 mg L-1 and explained 51% and 42% of the variation
in the mean (F1, 9 = 9.32, p = 0.01) and surface (F1, 10 = 7.36, p = 0.02) percent organic
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matter respectively. The dissolved oxygen concentration of the deep samples ranged from
0.7 to 8.1 mg L-1 and had no relationship with the mean (F1, 8 = 0.09, p = 0.77) or
surface (F1, 8 = 0.60, p = 0.46) percent organic matter. The percent surface irradiance of
the shallow samples ranged from 0.44 to 57% and explained 55% of the variation in both
mean (F1, 10 = 12.24, p = 0.006) and surface (F1, 11 = 13.49, p = 0.004) percent organic
matter. (Fig. 24). Very little surface irradiance reached the deep samples (range = 0 to
12%; median = 0.05%) and irradiance had no impact on the variation in deep mean (F1, 10
= 1.78, p = 0.212) or surface (F1, 10 = 4.39, p = 0.06) percent organic matter.
Due to the lack of suitable conditions to collect samples at both shallow and deep
locations in all lakes, samples from both depths were collected in only 11 lakes (42% of the
total). Variation in the percent organic matter of the deep samples was signiﬁcantly and
positively correlated with variation in the percent organic matter of the shallow samples
from the same lake for both the mean (r = 0.75, p = 0.012) and surface (r = 0.71, p =
0.015) percent organic matter (Fig. 25).
The percent organic matter loss with age ranged from –0.59 to 0.06% organic matter per
year. Sediments showing no signiﬁcant loss of organic matter with sediment depth occurred
in 25% and 38% of the shallow and deep samples respectively. The r2 of the relationships
with signiﬁcant slopes ranged from 0.22 to 0.96 with a median of 0.67. Percent organic
matter loss with age was signiﬁcantly correlated with the r2 of the model (r = –0.54, p
= 0.001) and there was no signiﬁcant diﬀerence between the percent organic matter loss
with age in the shallow or deep samples (F1, 31 = 3.12, p = 0.09; Fig. 26). The loss
of percent organic matter with age was positively and signiﬁcantly correlated with the
dissolved organic carbon (DOC) concentration of the water (r = 0.46, p = 0.046; Fig. 27).
The loss of organic matter with age was negatively correlated with the percent surface
irradiance but the correlation was only nearly signiﬁcant (r = -0.38, p = 0.062; Fig. 27).
The correlation between surface percent organic matter and loss of organic matter with
age was not signiﬁcant (r = -0.31, p = 0.081; Fig. 27).
The distance matrices based on mean or surface percent organic matter were positively
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correlated with the geographic distance between the lakes (Table 18). There was no sig-
niﬁcant correlation between the distance matrix based on the loss of organic matter with
sediment age and the geographic distance between the lakes. Watershed or lake area was
not signiﬁcantly correlated with the mean or surface percent organic matter or the loss of
organic matter with sediment age.
In both the shallow and deep samples the mean and surface percent organic matter in
the sediments was signiﬁcantly greater in the lakes on the younger (id) landscape than in in
the lakes on the older (sd) landscape (Figs. 21 and 22). There was no signiﬁcant diﬀerence
in the loss of percent organic matter with sediment age between the two aged surfaces in
either the shallow or deep samples (Fig. 23). The mean (± SD) percent surface irradiance
reaching the shallow sediments of the lakes on the younger surface (id) was 24.5% (± 17.0),
which was signiﬁcantly greater than the mean 5.9% (± 4.8) reaching the shallow sediments
of the lakes on the older surface (p = 0.012).
Assuming an average sediment oxygen consumption rate of 15.35 mmol O2 m
-2 d-1 and
all the organic matter was autochthonous (see Methods), the mean (± SD) time required
to mineralize the organic matter lost from the cores was 234 (92), 218 (151), and 173 (90)
days in lakes E–4, S–3, and GTH 91 respectively. Assuming the organic matter was all
allochthonous produced estimates of 210 (83), 197 (136), and 156 (81) in lakes E–4, S–3,
and GTH 91 respectively. The mean sediment accumulation rate calculated from the 137Cs
analyses was 52.0 g m-2 y-1 in lake E–4 and 36.0 g m-2 y-1 in lake S–3. Using the peak
137Cs activity, the age of the sediments at the base of the 10 cm cores were estimated to
be 77 and 120 years for lakes E–4 and S–3 respectively. 137Cs activity was observed down
to the base of the 10 cm cores in lakes E–4 and S–3 indicating complete sediment mixing.
The peak 137Cs activity was in the uppermost slice of the core from lake GTH 91 making
it impossible to determine the age of the core. The mean porosity of lakes E–4 and S–3
was 0.96 (0.02) and 0.97 (0.02) respectively.
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5.4 Discussion
There is substantial variation in the mean and surface percent organic matter of the
sediments among lakes in the survey. Mean and surface percent organic matter are nearly
perfectly correlated and therefore appear to represent two measures of the same sediment
property. In the following discussion I refer simply to percent organic matter when both
measures produce the same patterns. The range of mean sediment percent organic matter
found in my study (17.2 – 68.9%) is toward the high end of the 1 – 62% range of sediment
organic matter content observed in subarctic lakes (Grane´li, 1978; den Heyer and Kalﬀ,
1998; Aberg et al., 2007) but greater than the 10 – 25% sediment organic matter content
reported from other arctic lakes (Livingstone et al., 1958; Cornwell and Kipphut, 1992).
Sediment percent organic matter appears to be primarily a lake-scale property where
whole lakes have overall greater (or lesser) sediment percent organic matter than other
lakes. There was a signiﬁcant positive correlation between the percent organic matter of
the shallow and deep sediments of an individual lake and depth did not explain any of the
variation in percent organic matter variation across lakes. Similarity in percent organic
matter content of the sediments was correlated with distance between lakes, suggesting
that the factors aﬀecting percent organic matter content vary at a spatial scale greater
than that of a lake.
In most lakes, sediment organic matter content is closely tied to factors related to pho-
tosynthesis (i.e., benthic primary production) and diﬀerences in sediment organic matter
appear to result from diﬀerences in the amount of light limitation on benthic primary
production (Bjork-Ramberg, 1983; Hansson, 1992). Consistent with this concept, I found
that sediment percent organic matter was greater in sediments with higher percent surface
irradiance and dissolved oxygen in the overlying water but only in the illuminated (i.e.,
shallow) sediments. The correlations between light, oxygen and organic matter suggest
that variation in sediment percent organic matter results from variation in benthic primary
production.
The correlation between geographic distance and percent organic matter in the sedi-
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ments suggests that there are landscape-scale inﬂuences on the factors that are aﬀecting
the organic matter content of the sediments. There was signiﬁcantly greater percent or-
ganic matter of the sediments from lakes on the younger landscape surface (id) suggesting
that the age of the landscape may inﬂuence sediment organic matter. Given that varia-
tion in the percent organic matter of the sediments appears to be related to diﬀerences
in benthic photosynthesis, this ﬁnding suggests that lakes on younger landscape surfaces
may support higher benthic photosynthesis. Benthic photosynthesis has been shown to be
limited buy light availability in the region of this study (Whalen et al., 2006) and the lakes
on the younger landscape have signiﬁcantly greater light penetration to the sediments.
Therefore it is likely that diﬀerences associated with the age of the watershed inﬂuence
light availability and therefore benthic primary production. The mechanism driving the
diﬀerences in light attenuation between the two landscape surfaces is unknown, however
Hamilton (2002) identiﬁes signiﬁcant geological and vegetational diﬀerences between the
surfaces.
A similar geographic correlation is not seen with diﬀerences in the loss of organic matter
with sediment age, nor is there a signiﬁcant diﬀerence in the loss of organic matter with
age between the diﬀerent aged land surfaces. These combined results suggest a more local
(i.e., within-lake) control of this process. The presence of the landscape-scale patterns in
the organic matter content of the lake sediments despite no similar pattern in the loss of
organic matter with age suggests that variation in the organic matter content of the lakes
is principally driven by organic matter inputs rather than mineralization processes.
The percent organic matter of the sediments below the photic zone appears to reﬂect
benthic primary production in the illuminated portions of the lake. There was a signiﬁcant
positive correlation between the organic matter content of the shallow and deep sediments
and in most of the lakes the percent organic matter content of the deep sediments was
greater than or nearly equal to the percent organic matter of the shallow sediments. Given
the evidence that benthic primary production is a principal source of organic matter to
these lakes, these results suggest that organic matter produced in the photic zone is re-
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distributed to the deeper portions of the lake. Of the mechanisms that can redistribute
sediments within a lake, there are essentially 6 that are likely to aﬀect small shallow sys-
tems such as these: intermittent complete lake mixing, epilimnetic mixing, mass wasting
from slumping, random sediment redistribution, and wave erosion of littoral sediments
(Hilton et al., 1986). Of these mechanisms, all but epilimnetic mixing and random sedi-
ment redistribution result in focusing or the movement of sediments from the littoral to
deeper portions of the lake (Hilton et al., 1986). I do not have the speciﬁc data needed to
separate these mechanisms and they all may be occurring to various degrees where sedi-
ment organic matter is greater in the deeper sediments. An additional mechanism that is
likely to be operating in the stratiﬁed lakes is that greater organic matter mineralization in
the epilimnetic sediments results in greater loss of organic matter in the shallow portions
of the lake. Hilton and Gibbs (1985) found that the diﬀerences in the carbon content of
sediments at diﬀerent depths in a shallow lake in England were due to greater summer
mineralization rates in the shallow portions of the lake. My ﬁndings that sediment organic
matter mineralization rates are aﬀected by temperature and the availability of oxygen
(Chapters 2 and 3) suggest that the shallow sediments of stratiﬁed lakes in the region of
this study would have higher organic matter mineralization rates as well.
In lakes with high percent organic matter (approx. > 50%) in the shallow sediments
the pattern described above was reversed and the shallow sediments had greater organic
matter content than the deep sediments. This diﬀerence is likely the result of a build-up
of organic matter in the illuminated sediments due to benthic primary production that
exceeds the transfer of organic matter to the dark portions of the lake by focusing. It is
not clear why these sediments are not redistributed as in the other lakes. One possibility
is that the accumulation of benthic algal biomass is suﬃcient to impede the resuspension
of the sediments (Holland et al., 1974; Paterson, 1989).
The majority of shallow (75%) and deep (62%) sediments sampled showed a signiﬁcant
loss of organic matter with sediment depth (i.e, age). The median r2 of the models is 0.67,
indicating that a linear model does an acceptable job of describing these relationships.
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Unlike the factors controlling sediment organic matter content, the factors controlling the
loss of organic matter from the sediments (i.e., mineralization) appear to vary primarily
at a within-lake scale.
There was no correlation between the spatial distance between the lakes and the loss of
organic matter with sediment age and the landscape surface did not aﬀect rate of organic
matter loss with age in the sediments. In other words, lakes did not cluster according
to the loss of organic matter with sediment age at a landscape scale, suggesting that the
factors controlling the loss of sediment organic matter with age are operating at smaller
spatial scales. As far as I am aware, my study is the only multi-lake evaluation of sediment
organic matter loss with age in the Alaskan low arctic, but greater variation in sediment
metabolic processes within lakes relative to diﬀerences among lakes has been shown before
(Hobbie et al., 1980; den Heyer and Kalﬀ, 1998). On a much larger scale, and not analyzed
explicitly, Sobek et al. (2009) appear to show no relationship between location and burial
eﬃciency in a global survey of lakes.
The observed percent organic matter of a given lake’s sediment reﬂects both the pro-
duction (i.e., benthic gross primary production and allochthonous input) and the loss
(i.e., community respiration) of organic matter (Lovett et al., 2006). Sediment percent
organic matter was signiﬁcantly correlated with the location of the lake on the landscape
so that lakes that were geographically closer together were similar in sediment percent
organic matter. This correlation suggests that the factors controlling sediment percent
organic matter are varying at the landscape-scale. The loss of sediment percent organic
matter with age was not correlated with geographic location, suggesting that the fac-
tors controlling organic matter mineralization are not controlled by factors varying at a
landscape-scale but vary primarily at the within-lake scale. Since the variation in sediment
percent organic matter is not on the same scale as the variation in sediment organic matter
mineralization, it appears that sediment organic matter content is primarily a function of
organic matter production and not loss. This may be the situation in many small lakes.
In shallow arctic ponds Stanley (1976a) found that 97% of benthic net primary production
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was buried as detritus and the ponds accumulate 500 to 1000 mg C m-2 y-1. Similarly,
Ask et al. (2009) found that for 81% of benthic biomass accumulation was derived from
autochthonous material in 4 small, oligotrophic, subarctic lakes.
Overall the loss of organic matter with age was more weakly related to the evaluated en-
vironmental factors than the percent organic matter of the sediments. The mineralization
of sediment organic matter in the lakes in the region appears to be primarily controlled by
temperature and the availability of oxygen over short time scales (hours to days; Chapter
2) and the lability of the organic matter over longer time scales (years; Chapter 3). Al-
though my data do not provide detailed analysis of sediment characteristics, the marginally
positive relationship between the loss of organic matter with age and the percent irradi-
ance reaching the sediments suggests that sediments produced under high light conditions
are more rapidly mineralized. The high mineralization rate appears to be more related to
the source and not the quantity of organic matter since the correlation between the loss of
organic matter with age and the percent organic matter in the sediments was weaker. The
source of the labile organic material is likely benthic algal production (Stanley, 1976a).
Therefore the source of the organic matter (in this case, benthic primary production) and
not simply the quantity of organic matter has an impact on sediment organic matter stor-
age (Sobek et al., 2009). The mechanism underlying the negative correlation between the
DOC concentration of the water and the loss of organic matter with age is less clear but
may indicate that greater DOC is associated with lower sediment organic matter lability.
Jonsson et al. (2003) found that sediment respiration was positively correlated with DOC
concentration in lakes in northern Sweden suggesting that under some circumstances DOC
can be associated with greater loss of organic matter from the sediments.
The lack of a signiﬁcant change in percent organic matter with sediment depth in 25%
and 38% of the shallow and deep sediment samples, respectively, is likely the eﬀect of
sediment mixing obscuring patterns resulting from mineralization. Lake sediments are
subject to mixing from bioturbation (Stanley, 1976b) as well as physical processes (Hilton
et al., 1986; Larsen and MacDonald, 1993). Evidence of mixing was observed in the
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sediments of two of the shallow lakes and it is likely that the sediments of all the lakes
mix to varying degrees. Even in the lakes where signiﬁcant losses of organic matter with
sediment depth were observed (a pattern attributed to mineralization), the sediments with
the weakest relationship between sediment depth and percent organic matter (i.e., low r2)
had the smallest losses. Such a pattern would result if the sediments are being partially
homogenized due to mixing. The greater proportion of deep samples without signiﬁcant
changes in percent organic matter with depth does not likely reﬂect the greater potential
for these sediments to mix but rather the overall lower rates of organic matter loss with
age. These less dramatic patterns would be more easily obscured by smaller amounts of
sediment mixing.
The sedimentation rates estimated in the 3 shallow lakes in the study ranged between
36 and 54 g m-2 y-1 and are between the rate of 27 g m-2 y-1 estimated for Toolik Lake
(Cornwell and Kipphut, 1992) and the range of sedimentation rates (44 – 180 g m-2 y-1)
observed in other shallow arctic lakes (Hermanson, 1990). There is a large discrepancy
between the amount of organic matter found in the sediments and the amount of organic
matter predicted to be in the sediments based on the average sediment organic matter
mineralization rates measured in Chapter 2 and the age of the sediments. The sediment
organic matter mineralization rate measured in Chapter 2 predicts that it would take
approximately 200 d to mineralize the organic matter lost between the surface and 10 cm
slices of the sediments from lakes E–4, S–3 and GTH 91 regardless of the origin of the
organic matter. However, the 137Cs analysis estimates that the sediments at 10 cm in lakes
E–4 and S–3 are 77 and 112 years old, suggesting that if the sediments were undisturbed
that same amount of organic matter was lost over decades.
The use of the mean mineralization rate from the experiments in Chapter 2 clearly
does not accurately model all of the variables aﬀecting the loss of organic matter from the
sediments via mineralization. However the magnitude of the discrepancy between the es-
timated and observed loss of organic matter cannot simply be attributed to the crudeness
of the estimate. There was a 41 fold diﬀerence between the minimum and maximum min-
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eralization rate observed in all of the core incubation experiments in Chapter 2. However
there is an approximately 116 fold diﬀerence between the observed and predicted time for
organic matter loss. Therefore, even assuming the lowest observed mineralization rate, I
would predict less organic matter than what is observed in the sediments.
It is likely that the mineralization rates observed in Chapter 2 reﬂect mainly the aer-
obic mineralization of freshly deposited (i.e., most labile) material at the sediment-water
interface. The mineralization rate under these conditions is likely much greater than the
average mineralization rate reﬂected in the loss of percent organic matter with sediment
depth (Burdige, 2007). The 1 cm sediment sampling resolution was likely insuﬃcient to
observe the rapid loss of organic matter at the sediment-water interface even if it were
not disrupted by sediment mixing. Furthermore, any mixing of the sediments would con-
tinually bury labile organic matter into depths with conditions less favorable to rapid
mineralization, while at the same time transporting older, more refractory organic matter
into the surface sediments where mineralization proceeds more rapidly (Meyers and Ishi-
watari, 1993). Therefore the loss of organic matter observed over decadal scales in the
core proﬁles represents the rate that organic matter is lost from the system due to the
integrated processes of deposition, mineralization, and mixing.
5.5 Conclusions
The organic matter content of these arctic lake sediments varies primarily at a whole-lake
scale and appears to be controlled by the production and not the loss of organic matter
from the sediments. Recent work has highlighted the importance of sediment heterotrophic
processes in lake carbon cycling (Algesten et al., 2005; Kortelainen et al., 2006), however
the net sediment organic matter production and mineralization in these lakes appears to be
driven primarily by autotrophic dynamics. Lakes with the greatest light penetration had
the highest organic matter content despite the fact that sediments receiving the most light
also trended toward the greatest loss of organic matter with sediment age. Furthermore,
the positive relationship between sediment percent organic matter and photosynthetic
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indicators (i.e., light and oxygen) suggests that diﬀerences in sediment organic matter
stocks among lakes is due to the accumulation of benthic net primary production. If these
patterns are representative of low arctic lakes, then climate mediated changes to arctic lake
carbon cycling may be driven by factors that alter benthic primary production, namely
lake transparency.
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Table 18: Results of Mantel tests of the correlation between the geographic distance be-
tween the lakes and the diﬀerence between lakes in mean or surface percent organic matter
or the loss of organic matter with sediment age. The Shallow samples were collected in
the shallowest water with suﬃcient sediments for coring and the deep samples came from
the deepest part of the lake. The Lower CL and the Upper CL are the upper and lower
limits of the 95% conﬁdence interval.
Factor Mantel’s r p Lower CL Upper CL
Shallow
Mean percent organic matter 0.55 0.001 0.46 0.67
Surface percent organic matter 0.51 0.002 0.40 0.65
Loss of organic matter with age 0.07 0.68 0.01 0.17
Deep
Mean percent organic matter 0.47 0.03 0.26 0.64
Surface percent organic matter 0.62 0.02 0.40 0.77
Loss of organic matter with age –0.14 0.48 –0.26 -0.002
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Figure 19: The relationship between the surface percent organic matter in the sediments
and the mean percent organic matter in the sediments. The line represents the 1:1 relation-
ship indicating the greater overall percent organic matter content of the surface samples.
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Figure 20: Mean and surface percent organic matter in the shallow and deep portions of
the lake. The median value is shown as the horizontal bar within the box and the mean is
indicated by “***”. The edge of the box indicates the upper and lower quartiles and the
whiskers indicate the greatest and least values in the data.
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Figure 21: Diﬀerence in the mean percent organic matter in the sediments on diﬀerent
glacial drift surfaces. Shallow and deep refer to the relative depth of the sediment samples
within the lake. The glacial drift surfaces are deﬁned by Hamilton (2002). Here, id refers
to the younger Itkillik drift and sd refers to the older Sagavanirktok drift. The median
value is shown as the horizontal bar within the box and the mean is indicated with “***”.
The edges of the box indicate the upper and lower quartiles and the whiskers indicate the
highest and lowest values in the data. Any points exceeding 2 standard deviations of the
mean are shown as open circles.
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Figure 22: Diﬀerence in the surface percent organic matter in the sediments on diﬀerent
glacial drift surfaces. Shallow and deep refer to the relative depth of the sediment samples
within the lake. The glacial drift surfaces are deﬁned by Hamilton (2002). Here, id refers
to the younger Itkillik drift and sd refers to the older Sagavanirktok drift. The median
value is shown as the horizontal bar within the box and the mean is indicated with “***”.
The edges of the box indicate the upper and lower quartiles and the whiskers indicate the
highest and lowest values in the data. Any points exceeding 2 standard deviations of the
mean are shown as open circles.
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Figure 23: Diﬀerence in the loss of percent organic matter with age in the sediments on
diﬀerent glacial drift surfaces. Shallow and deep refer to the relative depth of the sediment
samples within the lake. The glacial drift surfaces are deﬁned by Hamilton (2002). Here,
id refers to the younger Itkillik drift and sd refers to the older Sagavanirktok drift. The
median value is shown as the horizontal bar within the box and the mean is indicated
with “***”. The edges of the box indicate the upper and lower quartiles and the whiskers
indicate the highest and lowest values in the data. Any points exceeding 2 standard
deviations of the mean are shown as open circles.
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Figure 24: The relationship between the mean or surface percent organic matter in the
sediments and the dissolved oxygen concentration of the water overlying the sediments or
the percent of surface irradiance reaching the sediments.
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Figure 25: Mean or surface percent organic matter of the “deep” sample by the mean or
surface percent organic matter of the “shallow” sample. Each point represents a single
lake and the line indicates a 1:1 realtionship.
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Figure 26: The loss of percent organic matter with sediment age in the shallow and deep
portions of the lake. The median values is shown as the horizontal bar within the box
and the mean is indicated with “***”. The edge the box indicates the upper and lower
quartiles and the whiskers indicate the greatest and least values in the data. Any points
exceeding 2 standard deviations of the mean are shown as open circles.
100
0 20 40 60 80 100
−0.8
−0.6
−0.4
−0.2
0.0
Mean Percent Organic Matter
Pe
rc
e
n
t O
rg
an
ic 
M
at
te
r y
−
1
0 20 40 60 80 100
−0.8
−0.6
−0.4
−0.2
0.0
Percent Irradiance Reaching Sediments
Pe
rc
e
n
t O
rg
an
ic 
M
at
te
r y
−
1
Figure 27: Correlation between the loss of organic matter with age and surface percent
organic matter, the percent of surface irradiance reaching the sediments and the dissolved
organic carbon (DOC) concentration of the water.
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6 Conclusion: The inﬂuence of light and organic mat-
ter loading on sediment organic matter processing
in arctic lakes
The recent realization that lentic sediment accumulation contributes signiﬁcantly to global
carbon cycling (Cole et al., 2007) has highlighted the need to understand the factors
aﬀecting the sequestration of organic carbon in lakes. Most lakes simultaneously show
a net loss of inorganic carbon through the degassing of CO2 from the water column,
and a net accumulation of organic matter in the sediments (Wetzel, 2001; Cole et al.,
2007). Therefore with respect to landscape carbon cycling, lakes function as both a source
of inorganic carbon (i.e, CO2) to the atmosphere and a sink for organic carbon in the
sediments. The magnitude of organic matter sequestration is primarily controlled by
limitations to sediment respiration (Capone and Kiene, 1988; Canﬁeld, 1994; Burdige,
2007; Sobek et al., 2009).
The results of my dissertation research indicates that the light environment of the lake
directly or indirectly alters nearly all of the factors controlling the balance between the
production and mineralization of sediment organic matter (Fig. 28). Light transmission
was the principal factor related to diﬀerences in the percent organic matter of the sed-
iments among lakes. Lakes with the greatest light transmission had sediments with the
highest percent organic matter (even in those sediments not actually illuminated). This
relationship appears to be due to limitations on epipelic production (i.e., organic matter
production) in lakes with less light. Although relationships between irradiance and benthic
primary production are well established (Hansson, 1992; Vadeboncoeur et al., 2003; Ask
et al., 2009; Karlsson et al., 2009), it is striking that in the lakes I surveyed, whole-lake
sediment organic matter content appears to be driven by organic matter production in
surﬁcial sediments and is light limited.
In addition to the eﬀect of light on organic matter production, my results show that
light transmission aﬀects the rate of sediment organic matter mineralization through in-
direct control of oxygen availability, sediment organic matter lability, and temperature.
The transmission of light to the sediments indirectly alters the availability of oxygen and
the lability of sediment organic matter by limiting benthic photosynthesis (Fig. 28). I
found a signiﬁcant correlation between the rate of organic matter loss from sediments and
the amount of light received by those sediments. This is likely due to increases in oxy-
gen availability (Epping and Jo¨rgensen, 1996) and organic matter lability due to primary
production (Stanley, 1976b). As I experimentally increased irradiance levels the oxygen
deﬁcit of the overlying water produced by mineralization declined due to the production
of oxygen by photosynthesis. Furthermore, although I do not have direct evidence of the
increase in organic matter lability with increasing light, the sediments collected from a lake
with greater light penetration supported faster mineralization rates than those of a similar
lake when incubated under identical conditions. This result indicates that the sediments
diﬀered in their inherent lability and this diﬀerence was correlated with the availability of
light.
Light transmission can aﬀect the mineralization rate of sediment organic matter at the
whole-lake scale through its inﬂuence on the depth of thermal stratiﬁcation. Among the
lakes that I surveyed, those with greater light penetration had signiﬁcantly deeper epilimnia
and a larger proportion of the lake sediments were therefore overlain with epilimnetic water
that was relatively warm and capable of exchanging oxygen with the atmosphere. As a
result of this relationship, a greater proportion of the sediments in lakes with greater light
transmission will be warmer and less susceptible to hypoxia, conditions that will increase
sediment organic matter mineralization rates (Hargrave, 1969; Grane´li, 1978).
A principal factor aﬀecting the light transmission is the delivery of organic matter from
the watershed to the lake (Kirk, 1994; Branco and Kremer, 2005). Although allochthonous
inputs can directly add (presumably refractory) organic matter to the sediments (Fig. 28),
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DOC loading has been variously shown to correlate with reduced (Algesten et al., 2005) and
elevated (Jonsson et al., 2003) sediment organic matter mineralization rates. Nonetheless,
my results suggest that for the lakes in my study, allochthonous inputs principally aﬀect
sediment organic matter processing through the attenuation of light and the direct and
indirect eﬀects described above rather than the direct input of organic matter (Fig. 28).
The combination of the above interactions indicates that although the principal factors
aﬀecting sediment organic matter mineralization rate vary at the within-lake scale, the
direct and indirect inﬂuence of light on the production and mineralization of sediment
organic matter suggests that arctic lake organic matter processing is sensitive to changes
in light environment. Variation in the factors that control light transmission, such as
alterations to arctic watersheds that change the export of light attenuating organic matter
from the landscape will alter the way that arctic lakes respond to and feedback into the
regional and global carbon cycle.
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C Light Availability Experiment Data
Table 21: Data collected during the experiment evaluating the eﬀect of light availabilty on
sediment oxygen demand in the sediments of lakes E – 4 and S – 3. Lake is the name of the lake
from which the cores were collected. Position identiﬁes the location in the incubation chamber
where the core was incubated. I.um. is the amount of light reaching the core in 휇E m-2 s-1.
Zm is the depth within the lake were the cores were collected. Temp is the temperature of the
incubation chamber during the experiment. Cﬂux is the ﬂux of dissolved inorganic carbon into
the sediments in 휇mol C m-2 d-1. Oﬂux is the ﬂux of oxygen out of the sediments in 휇mol C m-2
d-1. Oﬂux.pos is the ﬂux of oxygen into the sediments in 휇mol C m-2 d-1. FinalO2 is the oxygen
concentration of the water overlying the core as the conclusion of the incubation in mg O2 L
-1.
NA indicates missing data.
Lake Position I.um. Zm Temp Cﬂux Oﬂux Oﬂux.pos FinalO2
E-4 14 0.000 3.0 15 -20.66 -27.086 27.086 4.10
E-4 15 0.000 3.0 15 -31.87 -20.347 20.347 4.00
E-4 16 0.000 3.0 15 -20.01 -23.481 23.481 4.61
E-4 9 0.498 3.0 15 -28.31 -26.675 26.675 4.59
E-4 11 5.312 3.0 15 -16.12 -16.461 16.461 5.49
E-4 13 18.260 3.0 15 -1.11 -6.096 6.096 7.80
E-4 10 19.920 3.0 15 -3.95 -9.928 9.928 7.21
E-4 4 34.030 3.0 15 -2.48 0.289 -0.289 9.63
E-4 8 34.860 3.0 15 3.17 -5.709 5.709 8.66
E-4 3 46.480 3.0 15 -7.61 -11.688 11.688 8.15
E-4 7 51.460 3.0 15 18.40 5.568 -5.568 10.85
E-4 1 89.640 3.0 15 11.21 2.302 -2.302 10.65
E-4 5 102.920 3.0 15 12.12 1.367 -1.367 10.07
E-4 6 111.220 3.0 15 18.59 12.083 -12.083 12.47
E-4 2 190.900 3.0 15 11.08 1.580 -1.580 10.45
E-4 12 249.000 3.0 15 19.60 6.377 -6.377 11.22
GTH 91 d2 0.266 3.0 10 NA -4.489 4.489 NA
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Data collected during the experiment evaluating the eﬀect of light availabilty on sediment oxygen
demand in the sediments of lakes E – 4 and S – 3. Cont.
Lake Position I.um. Zm Temp Cﬂux Oﬂux Oﬂux.pos FinalO2
GTH 91 26 0.315 3.0 10 NA -22.567 22.567 NA
GTH 91 d3 0.564 3.0 10 NA -17.455 17.455 NA
GTH 91 27 0.564 3.0 10 NA -12.197 12.197 NA
GTH 91 26 1.328 3.0 11 NA -17.227 17.227 NA
GTH 91 21 1.328 3.0 16 NA -18.183 18.183 NA
GTH 91 23 1.328 3.0 16 NA -14.762 14.762 NA
GTH 91 27 1.328 3.0 16 NA -22.576 22.576 NA
GTH 91 17 1.494 3.0 16 NA -21.547 21.547 NA
GTH 91 20 1.660 3.0 16 NA -17.763 17.763 NA
GTH 91 5 1.826 3.0 16 NA -20.969 20.969 NA
GTH 91 25 1.992 3.0 11 NA -13.222 13.222 NA
GTH 91 d1 1.992 3.0 10 NA -19.046 19.046 NA
GTH 91 8 2.158 3.0 16 NA -15.807 15.807 NA
GTH 91 0 2.324 3.0 16 NA -15.769 15.769 NA
GTH 91 24 2.656 3.0 11 NA -15.411 15.411 NA
GTH 91 19 4.648 3.0 11 NA -16.160 16.160 NA
GTH 91 23 5.312 3.0 10 NA -22.677 22.677 NA
GTH 91 16 6.308 3.0 11 NA -15.997 15.997 NA
GTH 91 12 9.960 3.0 11 NA -12.881 12.881 NA
GTH 91 13 13.280 3.0 11 NA -14.083 14.083 NA
GTH 91 19 21.580 3.0 10 NA -7.874 7.874 NA
GTH 91 4 23.240 3.0 11 NA -18.883 18.883 NA
GTH 91 13 39.840 3.0 10 NA 7.141 -7.141 NA
GTH 91 12 41.500 3.0 10 NA -0.756 0.756 NA
GTH 91 5 66.400 3.0 10 NA -1.674 1.674 NA
GTH 91 0 146.080 3.0 10 NA 13.138 -13.138 NA
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Data collected during the experiment evaluating the eﬀect of light availabilty on sediment oxygen
demand in the sediments of lakes E – 4 and S – 3. Cont.
Lake Position I.um. Zm Temp Cﬂux Oﬂux Oﬂux.pos FinalO2
S-3 14 0.000 3.2 15 -21.63 -29.581 29.581 2.59
S-3 15 0.000 3.2 15 -19.19 -32.802 32.802 1.49
S-3 16 0.000 3.2 15 -26.95 -22.530 22.530 4.12
S-3 9 0.498 3.2 15 -25.59 -23.246 23.246 4.43
S-3 11 5.312 3.2 15 -7.37 -7.706 7.706 6.90
S-3 13 18.260 3.2 15 1.72 -16.422 16.422 5.92
S-3 10 19.920 3.2 15 -8.78 -19.136 19.136 4.61
S-3 4 34.030 3.2 15 -8.21 -11.045 11.045 8.04
S-3 8 34.860 3.2 15 -10.43 -26.236 26.236 3.96
S-3 3 46.480 3.2 15 -25.55 -25.309 25.309 3.88
S-3 7 51.460 3.2 15 -16.88 -23.877 23.877 3.91
S-3 1 89.640 3.2 15 21.57 12.661 -12.661 12.69
S-3 5 102.920 3.2 15 3.69 -7.125 7.125 8.73
S-3 6 111.220 3.2 15 32.58 11.462 -11.462 13.03
S-3 2 190.900 3.2 15 18.70 16.339 -16.339 13.28
S-3 12 249.000 3.2 15 36.26 18.532 -18.532 13.97
124
D
O
rg
a
n
ic
M
a
tt
e
r
L
a
b
il
it
y
E
x
p
e
ri
m
e
n
t
D
a
ta
T
ab
le
22
:
D
a
ta
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
L
ak
e
is
th
e
la
k
e
fr
om
w
h
ic
h
th
e
se
d
im
en
ts
w
er
e
co
ll
ec
te
d
.
J
u
li
a
n
is
th
e
J
u
li
an
d
ay
on
w
h
ic
h
th
e
in
cu
b
at
in
g
sl
u
rr
ie
s
w
er
e
sa
m
p
le
d
.
T
re
at
m
en
t
is
th
e
co
d
ed
tr
ea
tm
en
t
d
es
ig
n
a
ti
on
w
h
er
e
N
O
2
D
is
an
ox
ic
an
d
d
ee
p
se
d
im
en
ts
(9
to
10
cm
in
th
e
co
re
),
N
O
2S
is
an
ox
ic
a
n
d
su
rf
a
ce
se
d
im
en
ts
(1
to
2
cm
in
th
e
co
re
),
O
2D
is
ox
ic
an
d
d
ee
p
se
d
im
en
ts
,
an
d
O
2S
is
ox
ic
an
d
su
rf
ac
e
se
d
im
en
ts
.
T
em
p
is
th
e
te
m
p
er
at
u
re
of
th
e
in
cu
b
at
io
n
ro
om
in
o
C
.
R
ep
d
es
ig
n
a
te
s
th
e
re
p
li
ca
te
v
ia
l
of
ea
ch
tr
ea
tm
en
t.
T
1
.ﬂ
u
x
is
th
e
D
IC
p
ro
d
u
ct
io
n
fr
om
th
e
se
d
im
en
ts
d
u
ri
n
g
th
e
ﬁ
rs
t
3
h
ou
r
sa
m
p
li
n
g
p
er
io
d
in
휇
m
o
l
D
IC
(g
o
rg
an
ic
m
at
te
r)
-1
h
-1
.
T
2.
ﬂ
u
x
is
th
e
D
IC
p
ro
d
u
ct
io
n
fr
om
th
e
se
d
im
en
ts
d
u
ri
n
g
th
e
se
co
n
d
3
h
ou
r
sa
m
p
li
n
g
p
er
io
d
in
휇
m
ol
D
IC
(g
or
ga
n
ic
m
at
te
r)
-1
h
-1
.
M
ea
n
.ﬂ
u
x
is
th
e
m
ea
n
of
T
1
.ﬂ
u
x
an
d
T
2.
ﬂ
u
x
in
휇
m
ol
D
IC
(g
or
ga
n
ic
m
at
te
r)
-1
h
-1
.
p
er
c.
w
at
er
is
th
e
p
ro
p
or
ti
on
o
f
w
at
er
in
th
e
se
d
im
en
t
sl
u
rr
y.
g.
d
ry
.s
ed
is
th
e
m
as
s
of
th
e
d
ry
se
d
im
en
t
in
th
e
sl
u
rr
y
in
g.
as
h
.m
as
s
is
th
e
m
as
s
of
th
e
se
d
im
en
t
fo
ll
ow
in
g
5
h
at
55
0
o
C
in
g.
g.
O
M
is
th
e
m
as
s
of
th
e
co
m
p
on
en
t
of
th
e
d
ry
se
d
im
en
t
in
g,
ca
lc
u
la
te
d
as
g.
d
ry
.s
ed
-
a
sh
.m
as
s.
p
er
c.
O
M
is
th
e
p
ro
p
or
ti
on
of
or
ga
n
ic
m
at
te
r
in
th
e
se
d
im
en
t
sl
u
rr
y.
g.
O
M
.m
l
is
th
e
co
n
ce
n
tr
at
io
n
o
f
or
ga
n
ic
m
at
te
r
in
th
e
sl
u
rr
y
in
g
or
ga
n
ic
m
at
te
r
m
l-
1
.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
E
-4
1
78
N
O
2D
1
9
A
1.
0
4e
-0
1
2.
67
e-
01
1.
85
e-
01
9.
81
e-
01
1.
96
e-
02
1.
3
9e
-0
1
5.
7
4e
-0
2
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
78
N
O
2D
1
9
B
1
.7
1
e-
01
1.
83
e-
01
1.
77
e-
01
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
78
N
O
2D
1
9
C
-1
.7
7
e-
02
3.
71
e-
01
1.
77
e-
01
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5.
7
4e
-0
2
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
78
N
O
2S
1
9
A
1.
6
0e
+
00
1.
77
e+
00
1.
68
e+
00
9.
70
e-
01
3.
17
e-
02
2.
14
e-
0
1
1
.0
3
e-
01
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
78
N
O
2S
1
9
B
1
.5
8
e+
00
1.
84
e+
00
1.
71
e+
00
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1.
0
3e
-0
1
3
.2
6e
+
01
1
.0
3
e-
02
125
D
at
a
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
C
on
t.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
E
-4
1
78
N
O
2S
1
9
C
1
.7
1
e+
00
1.
65
e+
00
1.
68
e+
00
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1.
0
3e
-0
1
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
78
O
2D
1
9
A
1.
5
1e
+
00
1.
28
e+
00
1.
40
e+
00
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
78
O
2D
1
9
B
1
.6
8
e+
00
1.
40
e+
00
1.
54
e+
00
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5.
6
9e
-0
2
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
78
O
2D
1
9
C
1
.2
8
e+
00
1.
20
e+
00
1.
24
e+
00
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5.
6
9e
-0
2
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
78
O
2S
19
A
2
.4
1
e+
00
2.
79
e+
00
2.
60
e+
00
9.
70
e-
01
3.
36
e-
02
2.
2
8e
-0
1
1.
0
8e
-0
1
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
78
O
2S
19
B
2.
6
0e
+
00
2.
78
e+
00
2.
69
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
78
O
2S
19
C
2.
8
2e
+
00
3.
13
e+
00
2.
97
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
S
-3
1
78
N
O
2D
1
9
A
1.
5
2e
+
00
3.
05
e+
00
2.
29
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2
.6
8
e-
02
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
78
N
O
2D
1
9
B
1
.3
1
e+
00
3.
38
e+
00
2.
34
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
78
N
O
2D
1
9
C
2
.7
6
e+
01
2.
28
e+
00
1.
50
e+
01
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
78
N
O
2S
1
9
A
7.
3
4e
+
00
8.
99
e+
00
8.
17
e+
00
9.
83
e-
01
1.
70
e-
02
6.
21
e-
0
2
1
.0
8
e-
01
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
78
N
O
2S
1
9
B
6
.8
0
e+
00
9.
25
e+
00
8.
03
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
78
N
O
2S
1
9
C
7
.7
8
e+
00
8.
41
e+
00
8.
10
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
78
O
2D
1
9
A
8.
3
0e
-0
1
3.
28
e+
00
2.
06
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
78
O
2D
1
9
B
1
.4
0
e+
00
1.
75
e+
00
1.
57
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
78
O
2D
1
9
C
1
.0
2
e+
00
1.
56
e+
00
1.
29
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
78
O
2S
19
A
9
.3
3
e+
00
1.
01
e+
01
9.
74
e+
00
9.
84
e-
01
1.
70
e-
02
6.
2
2e
-0
2
1.
0
7e
-0
1
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
78
O
2S
19
B
8.
4
9e
+
00
8.
92
e+
00
8.
71
e+
00
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
78
O
2S
19
C
9.
5
2e
+
00
1.
01
e+
01
9.
78
e+
00
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
126
D
at
a
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
C
on
t.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
E
-4
1
80
N
O
2D
2
0
A
1.
7
3e
-0
1
2.
77
e-
01
2.
25
e-
01
9.
81
e-
01
1.
96
e-
02
1.
3
9e
-0
1
5.
7
4e
-0
2
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
80
N
O
2D
2
0
B
1
.8
1
e-
01
1.
36
e-
01
1.
58
e-
01
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
80
N
O
2D
2
0
C
9
.6
3
e-
02
1.
76
e-
01
1.
36
e-
01
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
80
N
O
2S
2
0
A
1.
0
7e
+
00
1.
62
e+
00
1.
35
e+
00
9.
70
e-
01
3.
17
e-
02
2.
14
e-
0
1
1
.0
3
e-
01
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
80
N
O
2S
2
0
B
9
.1
3
e-
01
1.
48
e+
00
1.
20
e+
00
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1
.0
3
e-
0
1
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
80
N
O
2S
2
0
C
1
.0
7
e+
00
1.
75
e+
00
1.
41
e+
00
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1.
0
3e
-0
1
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
80
O
2D
2
0
A
6.
1
1e
-0
1
4.
93
e-
01
5.
52
e-
01
9.
81
e-
01
1.
91
e-
02
1.
3
4e
-0
1
5.
6
9e
-0
2
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
80
O
2D
2
0
B
5
.2
0
e-
01
5.
63
e-
01
5.
42
e-
01
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
80
O
2D
2
0
C
6
.3
1
e-
01
5.
89
e-
01
6.
10
e-
01
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
80
O
2S
20
A
2
.3
3
e+
00
2.
76
e+
00
2.
55
e+
00
9.
70
e-
01
3.
36
e-
02
2.
2
8e
-0
1
1.
0
8e
-0
1
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
80
O
2S
20
B
2.
6
2e
+
00
2.
95
e+
00
2.
79
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
80
O
2S
20
C
2.
6
8e
+
00
2.
85
e+
00
2.
77
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
S
-3
1
80
N
O
2D
2
0
A
3.
4
9e
+
00
6.
77
e+
00
5.
13
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2
.6
8
e-
02
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
80
N
O
2D
2
0
B
3
.3
4
e+
00
6.
69
e+
00
5.
02
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
80
N
O
2D
2
0
C
3
.5
9
e+
00
7.
57
e+
00
5.
58
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
80
N
O
2S
2
0
A
6.
3
4e
+
00
7.
80
e+
00
7.
07
e+
00
9.
83
e-
01
1.
70
e-
02
6.
21
e-
0
2
1
.0
8
e-
01
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
80
N
O
2S
2
0
B
7
.3
1
e+
00
7.
85
e+
00
7.
58
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
80
N
O
2S
2
0
C
6
.4
2
e+
00
9.
75
e+
00
8.
09
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
80
O
2D
2
0
A
9.
4
1e
-0
1
2.
14
e+
00
1.
54
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
127
D
at
a
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
C
on
t.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
S
-3
1
80
O
2D
2
0
B
1
.0
2
e+
00
1.
30
e+
00
1.
16
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
80
O
2D
2
0
C
1
.2
0
e+
00
1.
42
e+
00
1.
31
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
80
O
2S
20
A
1
.0
4
e+
01
1.
12
e+
01
1.
08
e+
01
9.
84
e-
01
1.
70
e-
02
6.
2
2e
-0
2
1.
0
7e
-0
1
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
80
O
2S
20
B
1.
0
1e
+
01
1.
12
e+
01
1.
06
e+
01
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
80
O
2S
20
C
1.
1
8e
+
01
1.
35
e+
01
1.
26
e+
01
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
E
-4
1
84
N
O
2D
2
0
A
1.
5
7e
-0
2
3.
63
e-
01
1.
90
e-
01
9.
81
e-
01
1.
96
e-
02
1.
3
9e
-0
1
5.
7
4e
-0
2
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
84
N
O
2D
2
0
B
7
.8
0
e-
02
1.
29
e-
01
1.
04
e-
01
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
84
N
O
2D
2
0
C
1
.8
2
e-
01
7.
81
e-
02
1.
30
e-
01
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
84
N
O
2S
2
0
A
8.
0
9e
-0
1
1.
29
e+
00
1.
05
e+
00
9.
70
e-
01
3.
17
e-
02
2.
14
e-
0
1
1.
0
3e
-0
1
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
84
N
O
2S
2
0
B
9
.0
0
e-
01
9.
57
e-
01
9.
28
e-
01
9.
70
e-
01
3.
17
e-
02
2.
14
e-
0
1
1
.0
3
e-
01
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
84
N
O
2S
2
0
C
-7
.2
7
e+
00
9.
27
e+
00
1.
00
e+
00
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1
.0
3
e-
01
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
84
O
2D
2
0
A
8.
6
0e
-0
1
6.
58
e-
01
7.
59
e-
01
9.
81
e-
01
1.
91
e-
02
1.
3
4e
-0
1
5.
6
9e
-0
2
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
84
O
2D
2
0
B
1
.4
1
e+
00
1.
02
e+
00
1.
21
e+
00
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5.
6
9e
-0
2
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
84
O
2D
2
0
C
1
.5
2
e+
00
1.
16
e+
00
1.
34
e+
00
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5.
6
9e
-0
2
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
84
O
2S
20
A
1
.5
2
e+
00
1.
79
e+
00
1.
66
e+
00
9.
70
e-
01
3.
36
e-
02
2.
2
8e
-0
1
1.
0
8e
-0
1
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
84
O
2S
20
B
2.
0
7e
+
00
1.
80
e+
00
1.
93
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
84
O
2S
20
C
2.
1
9e
+
00
1.
84
e+
00
2.
02
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
S
-3
1
84
N
O
2D
2
0
A
2.
4
6e
+
00
5.
12
e+
00
3.
79
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2
.6
8
e-
02
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
84
N
O
2D
2
0
B
2
.4
5
e+
00
5.
30
e+
00
3.
88
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
128
D
at
a
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
C
on
t.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
S
-3
1
84
N
O
2D
2
0
C
2
.2
0
e+
00
5.
79
e+
00
3.
99
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
84
N
O
2S
2
0
A
6.
9
9e
+
00
9.
06
e+
00
8.
03
e+
00
9.
83
e-
01
1.
70
e-
02
6.
21
e-
0
2
1
.0
8
e-
01
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
84
N
O
2S
2
0
B
7
.6
9
e+
00
1.
11
e+
01
9.
37
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
84
N
O
2S
2
0
C
7
.4
9
e+
00
9.
52
e+
00
8.
51
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
84
O
2D
2
0
A
1.
9
1e
+
00
2.
23
e+
00
2.
07
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3
.1
5
e-
02
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
84
O
2D
2
0
B
1
.8
5
e+
00
2.
51
e+
00
2.
18
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
84
O
2D
2
0
C
2
.2
7
e+
00
2.
97
e+
00
2.
62
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
84
O
2S
20
A
8
.3
7
e+
00
1.
12
e+
01
9.
80
e+
00
9.
84
e-
01
1.
70
e-
02
6.
2
2e
-0
2
1.
0
7e
-0
1
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
84
O
2S
20
B
1.
0
2e
+
01
9.
70
e+
00
9.
93
e+
00
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
84
O
2S
20
C
1.
1
0e
+
01
1.
00
e+
01
1.
05
e+
01
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
E
-4
1
87
N
O
2D
2
0
A
1.
0
2e
-0
1
2.
25
e-
01
1.
64
e-
01
9.
81
e-
01
1.
96
e-
02
1.
3
9e
-0
1
5.
7
4e
-0
2
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
87
N
O
2D
2
0
B
1
.9
1
e-
01
3.
12
e-
03
9.
70
e-
02
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
87
N
O
2D
2
0
C
1
.1
9
e-
01
8.
44
e-
02
1.
02
e-
01
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
87
N
O
2S
2
0
A
7.
2
1e
-0
1
1.
69
e+
00
1.
20
e+
00
9.
70
e-
01
3.
17
e-
02
2.
14
e-
0
1
1.
0
3e
-0
1
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
87
N
O
2S
2
0
B
8
.5
0
e-
01
1.
91
e+
00
1.
38
e+
00
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1
.0
3
e-
0
1
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
87
N
O
2S
2
0
C
9
.3
6
e-
01
1.
47
e+
00
1.
20
e+
00
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1
.0
3
e-
01
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
87
O
2D
2
0
A
1.
0
4e
+
00
9.
35
e-
01
9.
89
e-
01
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
87
O
2D
2
0
B
8
.5
4
e-
01
8.
14
e-
01
8.
34
e-
01
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
87
O
2D
2
0
C
9
.0
9
e-
01
8.
42
e-
01
8.
75
e-
01
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
129
D
at
a
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
C
on
t.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
E
-4
1
87
O
2S
20
A
2
.3
3
e+
00
2.
54
e+
00
2.
43
e+
00
9.
70
e-
01
3.
36
e-
02
2.
2
8e
-0
1
1.
0
8e
-0
1
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
87
O
2S
20
B
2.
8
4e
+
00
2.
73
e+
00
2.
78
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
87
O
2S
20
C
3.
5
8e
+
00
3.
42
e+
00
3.
50
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
S
-3
1
87
N
O
2D
2
0
A
2.
3
9e
+
00
5.
26
e+
00
3.
82
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2
.6
8
e-
02
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
87
N
O
2D
2
0
B
2
.2
2
e+
00
5.
35
e+
00
3.
79
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
87
N
O
2D
2
0
C
3
.2
0
e+
00
2.
36
e+
00
2.
78
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
87
N
O
2S
2
0
A
8.
6
4e
+
00
8.
93
e+
00
8.
78
e+
00
9.
83
e-
01
1.
70
e-
02
6.
21
e-
0
2
1
.0
8
e-
01
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
87
N
O
2S
2
0
B
9
.8
0
e+
00
9.
42
e+
00
9.
61
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
87
N
O
2S
2
0
C
7
.4
3
e+
00
1.
17
e+
01
9.
57
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
87
O
2D
2
0
A
3.
3
4e
+
00
4.
00
e+
00
3.
67
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3
.1
5
e-
02
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
87
O
2D
2
0
B
1
.9
9
e+
00
2.
00
e+
00
1.
99
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
87
O
2D
2
0
C
3
.6
6
e+
00
3.
67
e+
00
3.
66
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
87
O
2S
20
A
1
.3
3
e+
01
1.
38
e+
01
1.
36
e+
01
9.
84
e-
01
1.
70
e-
02
6.
2
2e
-0
2
1.
0
7e
-0
1
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
87
O
2S
20
B
1.
2
2e
+
01
1.
24
e+
01
1.
23
e+
01
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
87
O
2S
20
C
1.
7
1e
+
01
1.
96
e+
01
1.
84
e+
01
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
E
-4
1
93
N
O
2D
1
9
A
1.
2
2e
+
00
-1
.2
3e
+
00
-3
.1
6e
-0
3
9.
81
e-
01
1.
96
e-
02
1.
3
9e
-0
1
5
.7
4
e-
02
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
93
N
O
2D
1
9
B
-3
.0
8
e-
01
3.
58
e-
01
2.
53
e-
02
9.
81
e-
01
1.
96
e-
02
1.
39
e-
0
1
5.
7
4e
-0
2
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
93
N
O
2D
1
9
C
0
.0
0
e+
00
-9
.3
4e
-0
2
-4
.6
7e
-0
2
9.
81
e-
01
1.
96
e-
02
1.
3
9e
-0
1
5.
7
4e
-0
2
2
.9
2e
+
01
5
.7
4
e-
03
E
-4
1
93
N
O
2S
1
9
A
5.
7
1e
-0
1
9.
00
e-
01
7.
35
e-
01
9.
70
e-
01
3.
17
e-
02
2.
1
4e
-0
1
1
.0
3
e-
01
3
.2
6e
+
01
1
.0
3
e-
02
130
D
at
a
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
C
on
t.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
E
-4
1
93
N
O
2S
1
9
B
4
.8
1
e-
01
8.
65
e-
01
6.
73
e-
01
9.
70
e-
01
3.
17
e-
02
2.
14
e-
0
1
1
.0
3
e-
01
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
93
N
O
2S
1
9
C
4
.5
4
e-
01
9.
59
e-
01
7.
06
e-
01
9.
70
e-
01
3.
17
e-
02
2.
14
e-
0
1
1.
0
3e
-0
1
3
.2
6e
+
01
1
.0
3
e-
02
E
-4
1
93
O
2D
1
9
A
2.
5
1e
+
00
-1
.2
9e
+
00
6.
11
e-
01
9.
81
e-
01
1.
91
e-
02
1.
3
4e
-0
1
5.
6
9e
-0
2
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
93
O
2D
1
9
B
5
.9
1
e-
01
6.
01
e-
01
5.
96
e-
01
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
93
O
2D
1
9
C
4
.8
5
e-
01
6.
33
e-
01
5.
59
e-
01
9.
81
e-
01
1.
91
e-
02
1.
34
e-
0
1
5
.6
9
e-
02
2
.9
8e
+
01
5
.6
9
e-
03
E
-4
1
93
O
2S
19
A
2
.3
6
e+
00
2.
40
e+
00
2.
38
e+
00
9.
70
e-
01
3.
36
e-
02
2.
2
8e
-0
1
1.
0
8e
-0
1
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
93
O
2S
19
B
3.
4
3e
+
00
8.
16
e-
01
2.
12
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1.
0
8e
-0
1
3
.2
1e
+
01
1
.0
8
e-
02
E
-4
1
93
O
2S
19
C
3.
6
4e
+
00
1.
77
e+
00
2.
71
e+
00
9.
70
e-
01
3.
36
e-
02
2.
28
e-
0
1
1
.0
8
e-
01
3
.2
1e
+
01
1
.0
8
e-
02
S
-3
1
93
N
O
2D
1
9
A
9.
6
9e
-0
1
3.
02
e+
00
2.
00
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
93
N
O
2D
1
9
B
1
.1
2
e+
00
2.
25
e+
00
1.
69
e+
00
9.
93
e-
01
7.
61
e-
03
4.
93
e-
0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
93
N
O
2D
1
9
C
-4
.6
8
e-
02
4.
11
e+
00
2.
03
e+
00
9.
93
e-
01
7.
61
e-
03
4.
9
3e
-0
2
2.
6
8e
-0
2
3
.5
2e
+
01
2
.6
8
e-
03
S
-3
1
93
N
O
2S
1
9
A
6.
9
0e
+
00
9.
02
e+
00
7.
96
e+
00
9.
83
e-
01
1.
70
e-
02
6.
21
e-
0
2
1
.0
8
e-
01
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
93
N
O
2S
1
9
B
6
.6
2
e+
00
1.
15
e+
01
9.
05
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
93
N
O
2S
1
9
C
2
.0
5
e+
00
9.
87
e+
00
5.
96
e+
00
9.
83
e-
01
1.
70
e-
02
6.
2
1e
-0
2
1.
0
8e
-0
1
6
.3
6e
+
01
1
.0
8
e-
02
S
-3
1
93
O
2D
1
9
A
8.
5
1e
+
00
-2
.9
6e
+
00
2.
78
e+
00
9.
92
e-
01
8.
63
e-
03
5.
48
e-
0
2
3.
1
5e
-0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
93
O
2D
1
9
B
-2
.4
9
e+
00
2.
67
e+
00
9.
03
e-
02
9.
92
e-
01
8.
63
e-
03
5.
4
8e
-0
2
3
.1
5
e-
02
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
93
O
2D
1
9
C
9
.4
1
e+
00
-2
.0
8e
+
00
3.
67
e+
00
9.
92
e-
01
8.
63
e-
03
5.
4
8e
-0
2
3
.1
5
e-
0
2
3
.6
5e
+
01
3
.1
5
e-
03
S
-3
1
93
O
2S
19
A
9
.3
4
e+
00
1.
12
e+
01
1.
03
e+
01
9.
84
e-
01
1.
70
e-
02
6.
2
2e
-0
2
1.
0
7e
-0
1
6
.3
3e
+
01
1
.0
7
e-
02
S
-3
1
93
O
2S
19
B
1.
1
9e
+
01
9.
06
e+
00
1.
05
e+
01
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
131
D
at
a
co
ll
ec
te
d
d
u
ri
n
g
th
e
ex
p
er
im
en
t
ev
al
u
at
in
g
d
is
so
lv
ed
in
or
ga
n
ic
ca
rb
on
(D
IC
)
p
ro
d
u
ct
io
n
in
se
d
im
en
t
sl
u
rr
ie
s
fr
om
ar
ct
ic
la
k
e
se
d
im
en
ts
.
C
on
t.
L
ak
e
J
u
li
an
T
re
a
tm
en
t
T
em
p
R
ep
T
1
.ﬂ
u
x
T
2.
ﬂ
u
x
M
ea
n
.ﬂ
u
x
p
er
c.
w
at
er
g.
d
ry
.s
ed
as
h
.m
as
s
g
.O
M
p
er
c.
O
M
g
.O
M
.m
l
S
-3
1
93
O
2S
19
C
8.
6
6e
+
00
1.
07
e+
01
9.
68
e+
00
9.
84
e-
01
1.
70
e-
02
6.
22
e-
0
2
1
.0
7
e-
01
6
.3
3e
+
01
1
.0
7
e-
02
132
E
S
u
rv
e
y
o
f
T
h
e
rm
o
cl
in
e
D
e
p
th
a
n
d
L
ig
h
t
E
x
ti
n
ct
io
n
D
a
ta
T
a
b
le
23
:
D
a
ta
co
ll
ec
te
d
fo
r
th
e
an
al
y
si
s
of
th
e
re
la
ti
on
sh
ip
b
et
w
ee
n
li
gh
t
at
te
n
u
at
io
n
an
d
th
er
m
o
cl
in
e
d
ep
th
.
L
ak
e
is
th
e
la
k
e
fr
o
m
w
h
ic
h
th
e
d
at
a
w
er
e
co
ll
ec
te
d
.
Y
ea
r
is
th
e
y
ea
r
of
th
e
su
rv
ey
.
K
d
is
th
e
li
gh
t
at
te
n
u
a
ti
o
n
co
eﬃ
ci
en
t
in
m
-1
.
T
D
is
th
e
th
er
m
o
cl
in
e
d
ep
th
in
m
.
M
ax
Z
is
th
e
m
ax
im
u
m
d
ep
th
of
th
e
la
k
e
in
m
.
E
p
iZ
is
th
e
d
ep
th
of
th
e
ep
il
im
n
io
n
on
th
e
d
at
e
of
th
e
su
rv
ey
in
m
.
H
y
p
oZ
is
th
e
d
ep
th
of
th
e
h
y
p
ol
im
n
io
n
on
th
e
d
a
te
of
th
e
su
rv
ey
in
m
.
A
re
a
is
th
e
su
rf
ac
e
ar
ea
of
th
e
la
k
e
in
h
a.
D
O
C
is
th
e
d
is
so
lv
ed
o
rg
an
ic
ca
rb
on
co
n
ce
n
tr
a
ti
on
in
th
e
su
rf
ac
e
w
at
er
in
m
g
L
-1
.
T
N
is
th
e
to
ta
l
n
it
ro
ge
n
co
n
ce
n
tr
at
io
n
in
th
e
su
rf
ac
e
w
at
er
in
m
g
L
-1
.
cD
O
M
is
th
e
co
n
ce
n
tr
at
io
n
of
ch
ro
m
op
h
or
ic
d
is
so
lv
ed
o
rg
an
ic
m
a
tt
er
in
th
e
su
rf
a
ce
w
a
te
r
in
q
u
in
on
e
su
lf
at
e
u
n
it
s.
C
h
l
is
th
e
co
n
ce
n
tr
at
io
n
of
ch
lo
ro
p
h
y
ll
a
(C
h
l
a
)i
n
th
e
su
rf
a
ce
w
at
er
in
휇
g
C
h
l
a
L
-1
.
p
er
c.
I.
at
.T
D
is
th
e
p
er
ce
n
ta
ge
of
su
rf
ac
e
ir
ra
d
ia
n
ce
re
ac
h
in
g
th
e
th
er
m
o
cl
in
e
d
ep
th
.
E
p
iT
is
th
e
m
ea
n
o
f
al
l
th
e
te
m
p
er
at
u
re
m
ea
su
re
m
en
ts
in
th
e
ep
il
im
n
io
n
in
o
C
.
H
y
p
o
T
is
th
e
m
ea
n
o
f
al
l
th
e
te
m
p
er
a
tu
re
m
ea
su
re
m
en
ts
in
th
e
h
y
p
ol
im
n
io
n
in
o
C
.
L
ak
eT
is
th
e
m
ea
n
o
f
al
l
of
th
e
te
m
p
er
a
tu
re
m
ea
su
re
m
en
ts
co
ll
ec
te
d
fr
om
th
e
la
k
e
in
o
C
.
J
u
li
an
is
th
e
J
u
li
an
d
ay
of
th
e
su
rv
ey
.
N
A
in
d
ic
a
te
s
m
is
si
n
g
d
at
a
.
L
a
k
e
Y
ea
r
K
d
T
D
M
ax
Z
E
p
iZ
H
y
p
oZ
A
re
a
D
O
C
T
N
cD
O
M
C
h
l
p
er
c.
I.
at
.T
D
E
p
iT
H
y
p
o
T
L
ak
eT
J
u
li
an
G
T
H
30
20
06
0.
87
0
5.
0
21
.4
5
.0
7.
0
6.
82
5
N
A
N
A
N
A
N
A
1.
2
91
12
.0
5.
8
8
9.
6
7
21
9
G
T
H
31
20
06
0.
58
0
6.
0
12
.0
3
.5
6.
5
2.
18
5
N
A
N
A
N
A
N
A
3.
0
81
12
.1
4.
8
8
9.
3
1
21
9
G
T
H
32
20
06
0.
80
0
6.
0
15
.7
5
.5
8.
0
12
.9
04
N
A
N
A
N
A
N
A
0.
8
23
12
.7
5.
1
0
10
.5
5
21
9
G
T
H
33
20
06
0.
76
0
5.
0
13
.3
5
.0
7.
5
4.
28
5
N
A
N
A
N
A
N
A
2.
2
37
12
.5
5.
0
7
10
.0
0
21
9
G
T
H
34
20
06
0.
80
0
5.
5
17
.4
5
.0
5.
7
3.
58
3
N
A
N
A
N
A
N
A
1.
2
28
12
.3
5.
0
9
9.
3
2
21
9
G
T
H
57
20
06
0.
25
0
9.
5
21
.6
8
.5
11
.0
29
.9
59
N
A
N
A
N
A
N
A
9.
3
01
12
.4
5.
3
3
10
.7
8
21
9
133
D
at
a
co
ll
ec
te
d
fo
r
th
e
an
a
ly
si
s
of
th
e
re
la
ti
on
sh
ip
b
et
w
ee
n
li
gh
t
at
te
n
u
at
io
n
an
d
th
er
m
o
cl
in
e
d
ep
th
.
C
o
n
t.
L
ak
e
Y
ea
r
K
d
T
D
M
ax
Z
E
p
iZ
H
y
p
oZ
A
re
a
D
O
C
T
N
cD
O
M
C
h
l
p
er
c.
I.
a
t.
T
D
E
p
iT
H
y
p
o
T
L
ak
eT
J
u
li
an
G
T
H
58
2
00
6
0.
3
90
7.
5
16
.2
6.
0
8
.5
4.
08
3
N
A
N
A
N
A
N
A
5.
36
6
1
2.
6
5.
0
3
10
.6
0
21
9
G
T
H
65
2
00
6
0.
3
80
6.
0
16
.5
5.
5
8
.0
4.
30
8
N
A
N
A
N
A
N
A
10
.2
2
8
1
2.
2
4.
9
5
10
.2
9
21
9
G
T
H
66
2
00
6
0.
3
00
7.
0
25
.9
6.
5
8
.5
16
.6
30
N
A
N
A
N
A
N
A
12
.2
4
6
1
2.
6
5.
7
3
10
.0
5
21
9
G
T
H
67
2
00
6
0.
5
90
N
A
7.
0
N
A
N
A
2.
60
5
N
A
N
A
N
A
N
A
N
A
N
A
N
A
N
A
21
9
G
T
H
68
2
00
6
0.
2
60
11
.5
27
.4
9.
0
1
1.
5
77
.0
79
N
A
N
A
N
A
N
A
5.
02
9
1
2.
3
6.
6
6
10
.6
8
21
9
G
T
H
69
2
00
6
0.
3
70
6.
0
14
.3
6.
0
7
.5
6.
12
6
N
A
N
A
N
A
N
A
10
.8
6
1
1
2.
8
5.
2
4
9.
7
8
21
9
G
T
H
71
2
00
6
0.
2
30
9.
0
18
.3
8.
0
1
0.
5
17
.1
07
N
A
N
A
N
A
N
A
12
.6
1
9
1
2.
6
6.
7
0
10
.4
0
21
9
G
T
H
73
2
00
6
0.
4
60
N
A
13
.7
N
A
N
A
9.
86
5
N
A
N
A
N
A
N
A
N
A
N
A
N
A
N
A
21
9
G
T
H
74
2
00
6
0.
2
70
7.
0
11
.3
6.
0
8
.0
5.
86
2
N
A
N
A
N
A
N
A
15
.1
0
7
1
2.
8
6.
5
0
10
.4
3
21
9
G
T
H
92
2
00
6
0.
2
30
7.
5
10
.4
7.
0
7
.5
5.
56
5
N
A
N
A
N
A
N
A
17
.8
1
7
1
1.
9
8.
3
8
11
.0
4
21
9
G
T
H
93
2
00
6
0.
3
50
7.
5
9.
2
7.
0
8.
0
8.
15
2
N
A
N
A
N
A
N
A
7.
2
44
12
.8
8.
6
2
11
.8
6
21
9
G
T
H
96
2
00
6
0.
2
10
9.
5
10
.0
9.
0
N
A
13
.5
46
N
A
N
A
N
A
N
A
13
.6
01
13
.0
9.
3
0
12
.7
2
21
9
G
T
H
10
2
00
7
0.
3
77
5.
5
11
.3
5.
0
8
.5
0.
12
0
4.
45
0.
59
7
N
A
N
A
12
.5
8
8
14
.3
5.
2
5
11
.8
5
21
9
G
T
H
13
2
00
7
0.
4
87
4.
5
11
.3
3.
5
6
.0
19
.8
17
5.
53
0.
63
3
N
A
N
A
11
.1
8
5
14
.1
4.
8
3
10
.9
5
21
9
G
T
H
16
2
00
7
0.
3
92
6.
0
9.
8
4.
5
8.
5
6.
67
3
4.
66
0.
42
5
N
A
N
A
9.
5
41
1
4.
7
4.
7
0
11
.4
9
21
9
G
T
H
18
2
00
7
0.
4
18
6.
5
15
.2
5.
5
9
.0
13
.6
47
4.
16
0.
42
9
N
A
N
A
6.
59
4
15
.1
5.
2
0
11
.9
3
21
9
G
T
H
19
2
00
7
0.
3
67
6.
5
10
.7
5.
5
9
.0
4.
30
0
4.
21
0.
42
5
N
A
N
A
9.
21
6
15
.0
5.
6
7
12
.1
5
21
9
G
T
H
20
2
00
7
0.
4
62
5.
5
18
.3
4.
5
7
.0
1.
15
4
5.
98
0.
72
4
N
A
N
A
7.
89
6
14
.7
5.
2
5
12
.4
4
21
9
G
T
H
21
2
00
7
0.
3
91
6.
0
13
.7
5.
0
7
.5
5.
07
1
4.
61
0.
58
9
N
A
N
A
9.
56
9
14
.9
7.
1
7
11
.9
8
21
9
G
T
H
23
2
00
7
0.
4
16
5.
5
9.
5
4.
0
6.
5
1.
29
3
5.
04
0.
81
9
N
A
N
A
10
.1
19
1
4.
5
7.
1
7
12
.2
4
21
9
134
D
at
a
co
ll
ec
te
d
fo
r
th
e
an
a
ly
si
s
of
th
e
re
la
ti
on
sh
ip
b
et
w
ee
n
li
gh
t
at
te
n
u
at
io
n
an
d
th
er
m
o
cl
in
e
d
ep
th
.
C
o
n
t.
L
ak
e
Y
ea
r
K
d
T
D
M
ax
Z
E
p
iZ
H
y
p
oZ
A
re
a
D
O
C
T
N
cD
O
M
C
h
l
p
er
c.
I.
a
t.
T
D
E
p
iT
H
y
p
o
T
L
ak
eT
J
u
li
an
G
T
H
24
2
00
7
0.
5
74
5.
0
9.
1
4.
5
6.
5
3.
28
4
4.
63
0.
64
8
N
A
N
A
5.
6
61
1
4.
6
6.
8
3
11
.9
5
21
9
G
T
H
76
2
00
7
0.
4
05
7.
5
12
.2
6.
5
9
.5
6.
15
0
4.
37
0.
38
6
N
A
N
A
4.
78
5
15
.2
6.
0
0
12
.8
5
21
9
G
T
H
80
2
00
7
0.
4
41
6.
0
10
.1
5.
0
7
.5
2.
14
6
4.
54
0.
55
4
N
A
N
A
7.
10
6
14
.9
5.
8
8
11
.8
1
21
9
G
T
H
81
2
00
7
0.
4
06
6.
5
10
.1
5.
5
7
.5
12
.6
95
4.
35
0.
52
7
N
A
N
A
7.
13
4
15
.1
8.
2
7
12
.8
0
21
9
G
T
H
3
0
2
00
8
0.
8
63
4.
0
12
.4
3.
0
5
.5
6.
82
5
4.
21
N
A
67
.6
0
0.
83
5
3.
1
66
13
.6
5.
8
1
9.
2
7
19
4
G
T
H
3
1
2
00
8
0.
9
65
3.
5
12
.0
2.
0
5
.0
2.
18
5
3.
86
N
A
59
.6
0
0.
75
5
3.
4
13
13
.0
5.
6
8
9.
2
0
19
4
G
T
H
3
2
2
00
8
0.
7
01
4.
5
15
.7
4.
0
5
.5
12
.9
04
3.
56
N
A
48
.6
5
1.
07
7
4.
2
76
14
.5
6.
4
1
10
.6
6
19
4
G
T
H
3
3
2
00
8
0.
7
73
4.
0
13
.3
3.
0
5
.0
4.
28
5
3.
71
N
A
46
.5
5
1.
07
0
4.
5
32
14
.2
5.
8
8
9.
7
6
19
4
G
T
H
3
4
2
00
8
0.
8
29
4.
5
17
.4
3.
5
5
.5
3.
58
3
3.
53
N
A
47
.9
0
0.
92
2
2.
3
96
13
.6
5.
8
0
10
.2
4
19
4
G
T
H
5
7
2
00
8
0.
3
94
5.
5
21
.6
4.
0
7
.0
29
.9
59
2.
33
N
A
15
.4
5
0.
46
0
11
.4
77
14
.2
6.
3
3
10
.4
5
19
4
G
T
H
5
8
2
00
8
0.
6
15
3.
5
16
.2
1.
0
4
.5
4.
08
3
4.
13
N
A
45
.0
5
1.
28
5
11
.6
32
16
.4
5.
1
4
9.
1
0
19
4
G
T
H
6
5
2
00
8
0.
6
20
4.
0
16
.5
2.
0
5
.0
4.
30
8
3.
13
N
A
46
.0
0
0.
90
7
8.
3
64
14
.1
5.
2
9
9.
5
8
19
4
G
T
H
6
6
2
00
8
0.
5
44
4.
0
25
.9
3.
5
5
.0
16
.6
30
2.
12
N
A
20
.8
5
0.
45
5
11
.3
63
13
.8
6.
3
7
9.
7
1
19
4
G
T
H
6
8
2
00
8
0.
3
02
5.
5
27
.4
5.
0
7
.0
77
.0
79
1.
30
N
A
5.
89
0.
42
7
18
.9
84
12
.3
6.
3
6
9.
4
9
19
4
G
T
H
7
1
2
00
8
0.
4
71
5.
5
18
.3
4.
5
8
.0
17
.1
07
1.
36
N
A
3.
85
0.
55
2
7.
4
78
13
.9
6.
6
6
10
.9
0
19
4
G
T
H
7
2
2
00
8
0.
3
96
5.
5
36
.6
4.
5
7
.5
19
.6
96
1.
99
N
A
13
.3
0
0.
40
3
11
.3
58
14
.3
5.
9
7
10
.8
0
19
4
G
T
H
7
3
2
00
8
0.
6
27
4.
5
13
.7
3.
0
6
.5
9.
86
5
2.
31
N
A
17
.4
5
0.
96
5
5.
9
52
15
.6
7.
0
8
11
.9
6
19
4
G
T
H
7
4
2
00
8
0.
6
49
4.
5
11
.3
1.
5
5
.5
5.
86
2
2.
80
N
A
33
.8
5
0.
64
0
5.
3
98
16
.0
6.
1
3
10
.8
4
19
4
G
T
H
9
2
2
00
8
0.
6
17
4.
0
10
.4
1.
0
4
.5
5.
56
5
1.
67
N
A
24
.9
5
0.
80
2
8.
4
79
14
.2
6.
9
0
9.
8
1
19
4
G
T
H
9
3
2
00
8
0.
6
09
5.
0
9.
2
4.
0
6.
5
8.
15
2
2.
21
N
A
23
.6
0
0.
96
5
4.
75
7
1
5.
2
6.
1
4
11
.6
6
19
4
135
D
at
a
co
ll
ec
te
d
fo
r
th
e
an
a
ly
si
s
of
th
e
re
la
ti
on
sh
ip
b
et
w
ee
n
li
gh
t
at
te
n
u
at
io
n
an
d
th
er
m
o
cl
in
e
d
ep
th
.
C
o
n
t.
L
ak
e
Y
ea
r
K
d
T
D
M
ax
Z
E
p
iZ
H
y
p
oZ
A
re
a
D
O
C
T
N
cD
O
M
C
h
l
p
er
c.
I.
a
t.
T
D
E
p
iT
H
y
p
o
T
L
ak
eT
J
u
li
an
G
T
H
9
6
2
00
8
0.
8
53
4.
5
9.
0
4.
0
6.
0
13
.5
46
3.
31
N
A
46
.6
5
2.
13
5
2.
15
0
1
4.
9
6.
7
1
11
.3
1
19
4
136
F
S
e
d
im
e
n
t
O
rg
a
n
ic
M
a
tt
e
r
S
u
rv
e
y
D
a
ta
T
a
b
le
2
4
:
D
a
ta
co
ll
ec
te
d
d
u
ri
n
g
a
su
rv
ey
o
f
o
rg
a
n
ic
m
a
tt
er
in
th
e
se
d
im
en
ts
o
f
a
rc
ti
c
la
k
es
n
ea
r
T
o
o
li
k
L
a
k
e.
L
a
k
e
is
th
e
n
a
m
e
o
f
th
e
la
k
e
fr
o
m
w
h
ic
h
th
e
se
d
im
en
t
co
re
s
w
er
e
co
ll
ec
te
d
.
Y
ea
r
is
th
e
y
ea
r
th
a
t
th
e
co
re
s
w
er
e
co
ll
ec
te
d
.
D
ep
th
is
th
e
re
la
ti
v
e
d
ep
th
w
it
h
in
th
e
la
k
e
w
h
er
e
“
ep
i”
in
d
ic
a
te
s
th
e
sh
a
ll
o
w
es
t
d
ep
th
su
it
a
b
le
fo
r
co
ri
n
g
a
n
d
“
h
y
p
o
”
in
d
ic
a
te
s
th
e
d
ee
p
es
t
p
o
in
t
in
th
e
la
k
e.
Z
is
th
e
d
ep
th
fr
o
m
w
h
er
e
th
e
co
re
s
w
er
e
co
ll
ec
te
d
in
m
.
T
em
p
is
th
e
te
m
p
er
a
tu
re
o
f
th
e
w
a
te
r
in
th
e
lo
ca
ti
o
n
w
h
er
e
th
e
co
re
s
w
er
e
co
ll
ec
te
d
in
o
C
.
D
O
is
th
e
d
is
so
lv
ed
o
x
y
g
en
co
n
ce
n
tr
a
ti
o
n
o
f
th
e
w
a
te
r
in
th
e
lo
ca
ti
o
n
w
h
er
e
th
e
co
re
s
w
er
e
co
ll
ec
te
d
in
m
g
O
2
L
-1
.
P
A
R
is
th
e
p
er
ce
n
ta
g
e
o
f
th
e
ir
ra
d
ia
n
ce
im
m
ed
ia
te
ly
b
el
o
w
th
e
w
a
te
r
su
rf
a
ce
re
a
ch
in
g
th
e
se
d
im
en
t-
w
a
te
r
in
te
rf
a
ce
.
D
O
C
is
th
e
d
is
so
lv
ed
o
rg
a
n
ic
co
n
ce
n
tr
a
ti
o
n
o
f
th
e
w
a
te
r
in
th
e
lo
ca
ti
o
n
w
h
er
e
th
e
co
re
w
a
s
co
ll
ec
te
d
.
R
2
is
th
e
R
2
o
f
th
e
le
a
st
sq
u
a
re
s
li
n
ea
r
m
o
d
el
d
es
cr
ib
in
g
th
e
lo
ss
o
f
o
rg
a
n
ic
m
a
tt
er
w
it
h
se
d
im
en
t
d
ep
th
.
S
lo
p
e
is
th
e
sl
o
p
e
o
f
th
e
le
a
st
sq
u
a
re
s
li
n
ea
r
m
o
d
el
d
es
cr
ib
in
g
th
e
lo
ss
o
f
o
rg
a
n
ic
m
a
tt
er
w
it
h
se
d
im
en
t
d
ep
th
in
(p
er
ce
n
t
o
rg
a
n
ic
m
a
tt
er
)
cm
-1
.
S
u
rf
.O
M
is
th
e
es
ti
m
a
te
d
p
er
ce
n
t
o
rg
a
n
ic
m
a
tt
er
a
t
th
e
se
d
im
en
t
w
a
te
r
in
te
rf
a
ce
b
a
se
d
o
n
th
e
y
-i
n
te
rc
ep
t
o
f
th
e
le
a
st
sq
u
a
re
s
li
n
ea
r
m
o
d
el
o
f
th
e
lo
ss
o
f
p
er
ce
n
t
o
rg
a
n
ic
m
a
tt
er
w
it
h
se
d
im
en
t
d
ep
th
o
r
if
th
e
m
o
d
el
w
a
s
n
o
t
si
g
n
iﬁ
ca
n
t,
th
e
m
ea
n
p
er
ce
n
t
o
rg
a
n
ic
m
a
tt
er
o
f
th
e
co
re
.
M
ea
n
.O
M
is
th
e
m
ea
n
p
er
ce
n
t
o
rg
a
n
ic
m
a
tt
er
co
n
te
n
t
o
f
th
e
co
re
.
S
D
is
th
e
st
a
n
d
a
rd
d
ev
ia
ti
o
n
o
f
m
ea
n
.p
er
c.
O
M
.
N
o
te
s
a
re
co
m
m
en
ts
re
g
a
rd
in
g
th
e
sa
m
p
le
s.
L
o
ss
is
p
er
c.
O
M
.s
lo
p
e
re
sc
a
le
d
to
th
e
a
g
e
o
f
th
e
se
d
im
en
ts
in
(p
er
ce
n
t
o
rg
a
n
ic
m
a
tt
er
)
y
-1
.
N
A
in
d
ic
a
te
s
m
is
si
n
g
d
a
ta
.
L
a
k
e
Y
ea
r
D
ep
th
Z
T
em
p
D
O
P
A
R
D
O
C
R
2
S
lo
p
e
S
u
rf
.O
M
M
ea
n
.O
M
S
D
N
o
te
s
L
o
ss
E
-2
2
0
0
7
ep
i
2
.2
0
e+
0
0
1
.4
4
e+
0
1
9
.2
3
e+
0
0
N
A
N
A
2
.2
e-
0
1
-7
.1
7
e-
0
1
3
.4
5
e+
0
1
3
.1
2
e+
0
1
4
.4
8
e+
0
0
-7
.8
9
e-
0
2
E
-2
2
0
0
7
h
y
p
o
4
.8
0
e+
0
0
6
.8
0
e+
0
0
4
.3
7
e+
0
0
N
A
N
A
7
.2
e-
0
1
-1
.0
2
e+
0
0
4
.2
2
e+
0
1
3
.7
6
e+
0
1
3
.5
6
e+
0
0
-1
.1
3
e-
0
1
E
p
o
n
d
2
0
0
7
ep
i
2
.1
0
e+
0
0
1
.5
6
e+
0
1
7
.9
5
e+
0
0
N
A
N
A
8
.4
e-
0
1
-1
.1
5
e+
0
0
4
.8
7
e+
0
1
4
.3
5
e+
0
1
3
.7
0
e+
0
0
-1
.2
6
e-
0
1
E
X
1
2
0
0
7
ep
i
2
.5
0
e+
0
0
1
.0
4
e+
0
1
N
A
2
.4
0
e+
0
0
1
.1
1
e+
0
1
1
.7
e-
0
1
0
.0
0
e+
0
0
1
.8
5
e+
0
1
1
.8
5
e+
0
1
2
.0
0
e+
0
0
n
o
n
-l
in
ea
r
0
.0
0
e+
0
0
G
T
H
1
1
0
2
0
0
7
ep
i
2
.0
0
e+
0
0
N
A
N
A
N
A
7
.7
0
e+
0
0
7
.2
e-
0
1
-7
.1
7
e-
0
1
1
.9
5
e+
0
1
1
.7
2
e+
0
1
1
.9
1
e+
0
0
-7
.8
9
e-
0
2
G
T
H
1
1
2
2
0
0
7
ep
i
2
.0
0
e+
0
0
1
.3
6
e+
0
1
6
.3
0
e+
0
0
4
.4
0
e-
0
1
1
.1
5
e+
0
1
1
.7
e-
0
1
0
.0
0
e+
0
0
1
.7
4
e+
0
1
1
.7
4
e+
0
1
6
.8
5
e-
0
1
0
.0
0
e+
0
0
G
T
H
1
1
2
2
0
0
7
h
y
p
o
5
.0
0
e+
0
0
8
.6
0
e+
0
0
1
.4
0
e+
0
0
0
.0
0
e+
0
0
2
.1
1
e+
0
1
1
.1
e-
0
1
0
.0
0
e+
0
0
1
.9
6
e+
0
1
1
.9
6
e+
0
1
9
.3
2
e-
0
1
0
.0
0
e+
0
0
G
T
H
1
1
4
2
0
0
7
ep
i
2
.4
0
e+
0
0
1
.3
1
e+
0
1
8
.4
3
e+
0
0
9
.6
0
e+
0
0
8
.3
9
e+
0
0
4
.7
e-
0
1
-7
.0
6
e-
0
1
2
.8
3
e+
0
1
2
.5
1
e+
0
1
3
.0
3
e+
0
0
n
o
n
-l
in
ea
r
-7
.7
7
e-
0
2
G
T
H
1
1
4
2
0
0
7
h
y
p
o
6
.5
0
e+
0
0
6
.5
0
e+
0
0
5
.6
2
e+
0
0
2
.4
0
e-
0
1
6
.2
1
e+
0
0
4
.0
e-
0
2
0
.0
0
e+
0
0
2
.9
2
e+
0
1
2
.9
2
e+
0
1
8
.7
3
e-
0
1
0
.0
0
e+
0
0
G
T
H
1
5
6
2
0
0
7
ep
i
2
.0
0
e+
0
0
1
.4
5
e+
0
1
8
.2
9
e+
0
0
2
.5
7
e+
0
1
6
.1
0
e+
0
0
0
.0
e+
0
0
0
.0
0
e+
0
0
4
.5
5
e+
0
1
4
.5
5
e+
0
1
4
.0
2
e+
0
0
0
.0
0
e+
0
0
G
T
H
1
5
6
2
0
0
7
h
y
p
o
4
.0
0
e+
0
0
1
.4
3
e+
0
1
7
.8
7
e+
0
0
1
.2
0
e+
0
1
6
.1
0
e+
0
0
9
.6
e-
0
1
-2
.0
2
e+
0
0
5
.6
0
e+
0
1
4
.6
9
e+
0
1
6
.0
6
e+
0
0
-2
.2
2
e-
0
1
137
D
a
ta
co
ll
ec
te
d
d
u
ri
n
g
a
su
rv
ey
o
f
o
rg
a
n
ic
m
a
tt
er
in
th
e
se
d
im
en
ts
o
f
a
rc
ti
c
la
k
es
n
ea
r
T
o
o
li
k
L
a
k
e.
C
o
n
t.
L
a
k
e
Y
ea
r
D
ep
th
Z
T
em
p
D
O
P
A
R
D
O
C
R
2
S
lo
p
e
S
u
rf
.O
M
M
ea
n
.O
M
S
D
N
o
te
s
L
o
ss
G
T
H
9
8
2
0
0
7
ep
i
2
.4
0
e+
0
0
N
A
N
A
N
A
5
.5
0
e+
0
0
4
.1
e-
0
1
-3
.6
6
e+
0
0
4
.2
1
e+
0
1
2
.5
6
e+
0
1
1
.6
8
e+
0
1
p
o
o
r
re
si
d
-
u
a
ls
-4
.0
2
e-
0
1
N
-1
2
0
0
7
ep
i
2
.0
0
e+
0
0
1
.4
0
e+
0
1
1
.0
0
e+
0
1
3
.0
0
e+
0
1
5
.0
3
e+
0
0
9
.0
e-
0
1
-2
.1
6
e+
0
0
6
.2
7
e+
0
1
5
.3
0
e+
0
1
6
.7
2
e+
0
0
-2
.3
7
e-
0
1
N
-1
2
0
0
7
h
y
p
o
1
.2
9
e+
0
1
3
.5
0
e+
0
0
7
.1
0
e+
0
0
0
.0
0
e+
0
0
5
.0
3
e+
0
0
7
.0
e-
0
1
-1
.6
7
e+
0
0
4
.3
2
e+
0
1
3
.5
6
e+
0
1
5
.8
9
e+
0
0
-1
.8
4
e-
0
1
N
E
-1
0
2
0
0
7
ep
i
2
.6
0
e+
0
0
1
.0
6
e+
0
1
8
.7
0
e+
0
0
5
.5
0
e+
0
0
N
A
5
.4
e-
0
1
-7
.0
5
e-
0
1
5
.6
4
e+
0
1
5
.3
2
e+
0
1
2
.8
2
e+
0
0
-7
.7
5
e-
0
2
N
E
-1
0
2
0
0
7
h
y
p
o
4
.0
0
e+
0
0
7
.9
0
e+
0
0
6
.1
0
e+
0
0
1
.1
0
e+
0
0
N
A
5
.4
e-
0
1
5
.7
0
e-
0
1
4
.7
7
e+
0
1
5
.0
3
e+
0
1
2
.2
9
e+
0
0
6
.2
7
e-
0
2
N
E
-1
1
2
0
0
7
ep
i
2
.0
0
e+
0
0
1
.5
1
e+
0
1
1
.0
0
e+
0
1
5
.7
0
e+
0
1
1
.0
9
e+
0
1
7
.7
e-
0
1
-1
.1
5
e+
0
0
7
.4
1
e+
0
1
6
.8
9
e+
0
1
3
.8
7
e+
0
0
-1
.2
7
e-
0
1
N
E
-3
2
0
0
7
ep
i
3
.5
0
e+
0
0
6
.6
0
e+
0
0
1
.3
3
e+
0
1
N
A
7
.8
2
e+
0
0
8
.0
e-
0
2
0
.0
0
e+
0
0
5
.7
5
e+
0
1
5
.7
5
e+
0
1
4
.9
0
e+
0
0
0
.0
0
e+
0
0
N
E
-8
2
0
0
7
ep
i
1
.5
0
e+
0
0
N
A
N
A
N
A
8
.6
3
e+
0
0
4
.5
e-
0
1
-1
.3
9
e+
0
0
6
.9
0
e+
0
1
6
.2
7
e+
0
1
6
.1
5
e+
0
0
-1
.5
3
e-
0
1
N
E
-9
2
0
0
7
ep
i
2
.0
0
e+
0
0
1
.7
3
e+
0
1
1
.0
7
e+
0
1
N
A
1
.0
5
e+
0
1
2
.0
e-
0
2
0
.0
0
e+
0
0
6
.2
3
e+
0
1
6
.2
3
e+
0
1
3
.5
6
e+
0
0
o
u
tl
ie
rs
?
0
.0
0
e+
0
0
N
E
-9
b
2
0
0
7
h
y
p
o
7
.0
0
e+
0
0
3
.5
6
e+
0
0
7
.0
0
e-
0
1
1
.0
0
e-
0
1
9
.6
7
e+
0
0
1
.1
e-
0
1
0
.0
0
e+
0
0
5
.0
9
e+
0
1
5
.0
9
e+
0
1
3
.3
1
e+
0
0
0
.0
0
e+
0
0
S
-1
0
2
0
0
7
h
y
p
o
5
.1
0
e+
0
0
6
.0
0
e+
0
0
8
.0
8
e+
0
0
0
.0
0
e+
0
0
N
A
0
.0
e+
0
0
0
.0
0
e+
0
0
3
.1
0
e+
0
1
3
.1
0
e+
0
1
6
.6
4
e+
0
0
0
.0
0
e+
0
0
S
-1
1
2
0
0
7
ep
i
4
.9
0
e+
0
0
6
.2
0
e+
0
0
7
.3
0
e+
0
0
1
.2
4
e+
0
1
N
A
6
.2
e-
0
1
-5
.3
7
e+
0
0
4
.4
6
e+
0
1
N
A
N
A
p
o
o
r
re
si
d
-
u
a
ls
,
n
o
n
-
li
n
ea
r
-5
.9
1
e-
0
1
S
-1
1
2
0
0
7
h
y
p
o
1
.0
9
e+
0
1
4
.0
0
e+
0
0
2
.6
3
e+
0
0
0
.0
0
e+
0
0
N
A
7
.0
e-
0
2
0
.0
0
e+
0
0
3
.6
8
e+
0
1
3
.6
8
e+
0
1
7
.0
7
e+
0
0
0
.0
0
e+
0
0
S
-6
2
0
0
7
ep
i
2
.0
0
e+
0
0
1
.7
1
e+
0
1
N
A
3
.0
8
e+
0
1
7
.5
8
e+
0
0
8
.8
e-
0
1
-2
.4
1
e+
0
0
5
.2
4
e+
0
1
4
.1
6
e+
0
1
7
.5
6
e+
0
0
-2
.6
5
e-
0
1
S
-6
2
0
0
7
h
y
p
o
7
.2
0
e+
0
0
5
.7
0
e+
0
0
N
A
0
.0
0
e+
0
0
7
.8
5
e+
0
0
8
.8
e-
0
1
-9
.2
0
e-
0
1
4
.7
2
e+
0
1
4
.3
1
e+
0
1
2
.8
8
e+
0
0
-1
.0
1
e-
0
1
S
-7
2
0
0
7
ep
i
2
.7
0
e+
0
0
1
.6
0
e+
0
1
N
A
1
.5
1
e+
0
1
3
.8
0
e+
0
0
6
.7
e-
0
1
-1
.0
1
e+
0
0
5
.2
4
e+
0
1
4
.7
8
e+
0
1
3
.6
5
e+
0
0
-1
.1
1
e-
0
1
S
-3
2
0
0
8
ep
i
2
.0
0
e+
0
0
9
.1
0
e+
0
0
N
A
2
.0
9
e+
0
1
N
A
8
.1
e-
0
1
-2
.3
0
e+
0
0
7
.6
7
e+
0
1
6
.6
4
e+
0
1
7
.4
1
e+
0
0
-2
.5
3
e-
0
1
S
-3
2
0
0
8
h
y
p
o
5
.5
0
e+
0
0
9
.0
0
e+
0
0
N
A
2
.9
0
e+
0
0
N
A
5
.9
e-
0
1
-8
.1
0
e-
0
1
4
.5
8
e+
0
1
4
.2
2
e+
0
1
3
.0
7
e+
0
0
-8
.9
1
e-
0
2
E
-4
2
0
0
8
ep
i
2
.0
0
e+
0
0
1
.0
1
e+
0
1
7
.4
0
e+
0
0
1
.1
8
e+
0
1
N
A
6
.5
e-
0
1
-1
.8
8
e+
0
0
3
.9
0
e+
0
1
3
.0
6
e+
0
1
6
.5
9
e+
0
0
-2
.0
7
e-
0
1
138
D
a
ta
co
ll
ec
te
d
d
u
ri
n
g
a
su
rv
ey
o
f
o
rg
a
n
ic
m
a
tt
er
in
th
e
se
d
im
en
ts
o
f
a
rc
ti
c
la
k
es
n
ea
r
T
o
o
li
k
L
a
k
e.
C
o
n
t.
L
a
k
e
Y
ea
r
D
ep
th
Z
T
em
p
D
O
P
A
R
D
O
C
R
2
S
lo
p
e
S
u
rf
.O
M
M
ea
n
.O
M
S
D
N
o
te
s
L
o
ss
E
-4
2
0
0
8
h
y
p
o
4
.0
0
e+
0
0
1
.0
2
e+
0
1
7
.4
0
e+
0
0
4
.3
6
e+
0
0
N
A
2
.8
e-
0
1
-1
.1
7
e+
0
0
4
.5
2
e+
0
1
3
.9
9
e+
0
1
6
.4
9
e+
0
0
lo
w
r2
d
u
e
to
a
fe
w
o
u
tl
ie
rs
-
re
l
is
li
n
ea
r
a
n
d
sl
o
p
e
a
cc
u
ra
te
-1
.2
9
e-
0
1
G
T
H
9
1
2
0
0
8
ep
i
3
.0
0
e+
0
0
1
.0
5
e+
0
1
N
A
5
.4
3
e+
0
0
N
A
8
.4
e-
0
1
-7
.4
0
e-
0
1
2
.6
6
e+
0
1
2
.3
3
e+
0
1
2
.3
9
e+
0
0
-8
.1
4
e-
0
2
G
T
H
9
1
2
0
0
8
h
y
p
o
9
.9
0
e+
0
0
4
.6
0
e+
0
0
N
A
0
.0
0
e+
0
0
N
A
2
.7
e-
0
1
-2
.9
0
e-
0
1
2
.4
5
e+
0
1
2
.3
1
e+
0
1
1
.6
9
e+
0
0
n
o
n
-l
in
ea
r,
g
re
a
te
r
sl
o
p
e
b
e-
tw
ee
n
0
-4
cm
th
en
so
m
e-
w
h
a
t
p
o
s
sl
o
p
e
b
tw
n
4
-9
cm
-3
.1
9
e-
0
2
139
References
Aberg, J., M. Jansson, J. Karlsson, K. Na¨a¨s, and A. Jonsson, 2007. Pelagic and benthic net
production of dissolved inorganic carbon in an unproductive subarctic lake. Freshwater
Biology 52:549–560.
Adams, D. D., G. Matisoﬀ, and W. J. Snodgrass, 1982. Flux of reduced chemical
constituents(Fe2+, Mn2+, NH4
+ and CH4) and sediment oxygen demand in Lake Erie.
Hydrobiologia 91-2:405–414.
Algesten, G., S. Sobeck, A. Bergstro¨m, A. Jonsson, J. Lars, Tranvik, and J. Mats, 2005.
Contribution of sediment respiration and summer CO2 emission from low productive
boreal and subarctic lakes. Microbial Ecology 50:529–535.
Andersen, F. O., 1996. Fate of organic carbon added as diatom cells to oxic and anoxic
marine sediment microcosms. Marine Ecology Progress Series 134:225–233.
Archer, D. and A. Devol, 1992. Benthic oxygen ﬂuxes on the Washington shelf and slope
- A comparison of in situ microelectrode and chamber ﬂux measurements. Limnology
and Oceanography 37:614–629.
Ask, J., J. Karlsson, L. Persson, P. Ask, P. Bystro¨m, and M. Jansson, 2009. Terrestrial
organic matter and light penetration: Eﬀects on bacterial and primary production in
lakes. Limnology and Oceanography 54:2034–2040.
Bannister, T. T., 1974. A general theory of steady state phytoplankton growth in a nutrient
saturated mixed layer. Limnology and Oceanography 19:1–12.
Bastviken, D., M. Olsson, and L. Tranvik, 2003. Simultaneous measurements of organic
carbon mineralization and bacterial production in oxic and anoxic lake sediments. Mi-
crobial Ecology 46:73–82.
Baulch, H. M., D. W. Schindler, M. A. Turner, D. L. Findlay, M. J. Paterson, and R. D.
Vinebrooke, 2005. Eﬀects of warming on benthic communities in a boreal lake: Impli-
cations of climate change. Limnology and Oceanography 50:1377–1392.
Berner, R. A., 1980. Early diagenesis: a theoretical approach. Princeton University Press,
Princeton, New Jersey.
Bjork-Ramberg, S., 1983. Production of epipelic algae before and during lake fertilization
in a subarctic lake. Holarctic Ecology 6:349–355.
Blodau, C., N. Basiliko, and T. Moore, 2004. Carbon turnover in peatland mesocosms
exposed to diﬀerent water table levels. Biogeochemistry 67:331–351.
Boudreau, B. B. and B. B. Jørgensen, editors, 2001. The benthic boundary layer: transport
processes and biogeochemistry. Oxford University Press.
140
Bouldin, D. R., 1968. Models for describing the diﬀusion of oxygen and other mobile
constituents across the mud-water interface. Journal of Ecology 56:77-87.
Branco, A. B. and J. N. Kremer, 2005. The relative importance of cholorophyll and colored
dissolved organic matter (cdom) to the prediction of the diﬀuse attenuation coeﬃcient
in shallow estuaries. Estuaries 28:643-652.
Bryant, L. D., C. Lorrai, D. F. McGinnis, A. Brand, A. Wu¨est, and L. J. C, 2010. Variable
sediment oxygen uptake in response to dynamic forcing. Limnology and Oceanography
55:950-964.
Bukaveckas, P. A. and C. A. Driscoll, 1991. Eﬀects of Whole-Lake Base Addition on
Thermal Stratiﬁcation in 3 Acidic Adirondack Lakes. Water Air and Soil Pollution
59:23–39.
Burdige, D. J., 2006. The Geochemistry of Marine Sediments. Princeton University Press.
Burdige, D. J., 2007. Preservation of organic matter in marine sediments: Controls,
mechanisms, and an imbalance in sediment organic carbon budgets? Chemical Reviews
107:467–485.
Burns, N. M., M. M. Gibbs, and M. L. Hickman, 1996. Measurement of oxygen production
and demand in lake waters. New Zealand Journal of Marine and Freshwater Research
30:127–133.
Canﬁeld, D. E., 1994. Factors inﬂuencing organic matter preservation in marine sediments.
Chemical Geology 114:315–329.
Caplanne, S. and I. Laurion, 2008. Eﬀect of chromophoric dissolved organic matter on
epilimnetic stratiﬁcation in lakes. Aquatic Sciences 70:123–133.
Capone, D. G. and R. P. Kiene, 1988. Comparison of microbial dynamics in marine
and freshwater sediments: Contrasts in anaerobic carbon catabolism. Limnology and
Oceanography 33:725–749.
Carpenter, J. H., 1965. The Chesapeake Bay Institute technique for the Winkler dissolved
oxygen method. Limnology and Oceanography 10:141–143.
Chapin, F. S., M. Sturm, M. C. Serreze, J. P. McFadden, J. R. Key, A. H. Lloyd, A. D.
McGuire, T. S. Rupp, A. H. Lynch, J. P. Schimel, J. Beringer, W. L. Chapman, H. E.
Epstein, E. S. Euskirchen, L. D. Hinzman, G. Jia, C. L. Ping, K. D. Tape, C. D. C.
Thompson, D. A. Walker, and J. M. Welker, 2005. Role of land-surface changes in Arctic
summer warming. Science 310:657–660.
Clair, T. A., J. M. Ehrman, and K. Higuchi, 1999. Changes in freshwater carbon exports
from Canadian terrestrial basins to lakes and estuaries under a 2x CO2 atmospheric
scenario. Global Biogeochemical Cycles 13:1091–1097.
141
Clark, C. D., W. T. Hiscock, F. J. Millero, G. Hitchcock, L. Brand, W. L. Miller, L. Zi-
olkowski, R. F. Chen, and R. G. Zitka, 2004. CDOM distribution and co2 production
on the Southwest Florida Shelf. Marine Chemistry 89:145-167.
Clark, J., P. Chapman, J. Adamson, and S. Lane, 2005. Inﬂuence of drought-induced
acidiﬁcation on the mobility of dissolved organic carbon in peat soils. Global Change
Biology 11:791–809.
Cole, J. J., N. F. Caraco, G. W. Kling, and T. K. Kratz, 1994. Carbon dioxide supersat-
uration in the surface waters of lakes. Science 265:1568-1570.
Cole, J. J., Y. T. Prairie, N. T. Caraco, W. H. McDowell, L. T. Tranvik, R. G. Striegl,
C. M. Duartie, P. Kortelainen, J. A. Downing, J. J. Middelburg, and J. Melack, 2007.
Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon
budget. Ecosystems 10:171–184.
Cornett, R. J. and F. H. Rigler, 1984. Dependence of hypolimnetic oxygen consumption on
ambient oxygen concentration: Fact or artifact? Water Resources Research 20:823–830.
Cornwell, J. C. and G. W. Kipphut, 1992. Biogeochemistry of manganese- and iron-rich
sediments in Toolik Lake, Alaska. Hydrobiologia 240:45–59.
David, R. L., editor, 1996-1997. Handbook of Chemistry and Physics 77ed. CRC, Boca
Raton, FL.
Dean, W. E. and E. Gorham, 1998. Magnitude and signiﬁcance of carbon burial in lakes,
reservoirs, and peatlands. Geology 26:535-538.
Dedieu, K., C. Rabouille, F. Gilbert, K. Soetaert, E. Metzger, C. Simonucci, D. Jezequel,
F. Prevot, P. Anschutz, S. Hulth, S. Ogier, and V. Mesnage, 2007. Coupling of car-
bon, nitrogen and oxygen cycles in sediments from a Mediterranean lagoon: a seasonal
perspective. Marine Ecology Progress Series 346:45–59.
den Heyer, C. and J. Kalﬀ, 1998. Organic matter mineralization rates in sediments: A
within and among lake study. Limnology and Oceaography 43:695–705.
Downing, J. A., Y. T. Pra, J. J. Cole, C. M. Duarte, L. J. Tranvik, W. H. McDowell,
P. Kortelainen, N. F. Caraco, J. M. Melack, and J. J. Middelburg, 2006. The global
abundance and size distribution of lakes, ponds, and impoundments. Limnology and
Oceanography 51:2388–2397.
Einsele, G., J. Yan, and M. Hinderer, 2001. Atmospheric carbon burial in modern lake
basins and its signiﬁcance for the global carbon budget. Global and Planetary Change
30:167 - 195.
Epping, H. G. and B. B. Jo¨rgensen, 1996. Light-enhanced oxygen respiration in benthic
phototrophic communities. Marine Ecology Progress Series 139:193–206.
142
ESRI, 2006. ArcINFO. Environmental Systems Research Institute, Inc. Redlands, CA.
Evans, C., D. Monteith, and D. Cooper, 2005. Long-term increases in surface water
dissolved organic carbon: Observations, possible causes and environmental impacts.
Environmental Pollution 137:55–71.
Fee, E., R. Hecky, S. Kasian, and D. Cruikshank, 1996. Eﬀects of lake size, water clarity,
and climatic variability on mixing depths in Canadian Shield lakes. Limnology and
Oceanography 41:912–920.
Forsberg, C., 1992. Will an increased greenhouse impact in Fennoscandia give rise to more
humic and colored lakes. Hydrobiologia 229:51–58.
Freeman, C., N. Fenner, N. Ostle, H. Kang, D. Dowrick, B. Reynolds, M. Lock, D. Sleep,
S. Hughes, and J. Hudson, 2004. Export of dissolved organic carbon from peatlands
under elevated carbon dioxide levels. Nature 430:195–198.
Freeman, C., N. Ostle, and H. Kang, 2001. An enzymic ‘latch’ on a global carbon store - A
shortage of oxygen locks up carbon in peatlands by restraining a single enzyme. Nature
409:149.
Gelda, R. K., M. T. Aruer, and S. W. Eﬄer, 1995. Determination of sediment oxygen-
demand by direct measurement and by inference from reduced species accumulation.
Marine and Freshwater Research 46:81–88.
Gillooly, J. F., J. H. Brown, G. B. West, V. M. Savage, and E. L. Charnov, 2001. Eﬀect
of size and temperature of metabolic rate. Science 293:2248–2251.
Glud, R. N., P. Berg, H. Fossing, and B. B. Jørgensen, 2007. Eﬀect if the diﬀusive
boundary layer on benthic mineralization and O2 distribution: A theoretical model
analysis. Limnology and Oceanography 52:547-557.
Gotelli, N. J. and A. M. Ellison, 2004. A Primer of Ecological Statistics. Sinauer Associates
Inc.
Grane´li, W., 1978. Sediment oxygen uptake in south Swedish lakes. Oikos 30:7–16.
Hamilton, T. D., 2002. Glacial geology of the Toolik Lake and upper Kuparuk River
region. University of Alaska Fairbanks, Institue of Arctic Biology, Fairbanks, AK.
Hansen, L. S. and T. H. Blackburn, 1991. Aerobic and anaerobic mineralization of organic
matter in marine sediment microcosms. Marine Ecology Progress Series 75:283–291.
Hansson, L. A., 1992. Factors regulating peripytic algal biomass. Limnology and Oceanog-
raphy 37:322–328.
Hargrave, B. T., 1969. Similarity of O2 uptake by benthic communities. Limnology and
143
Oceaography 14:801–805.
Hargreaves, B. R., 2003. UV Eﬀects in Aquatic Organisms and Ecosystems, chapter Water
column optics and penetration of UVR, pages 59–105. The Royal Society of Chemistry.
Hartnett, H. E., R. G. Keil, J. I. Hedges, and A. H. Devol, 1998. Inﬂuence of oxygen
exposure time on organic carbon preservation in continental margin sediments. Nature
391:572–574.
Hayes, F. R. and M. A. MacAulay, 1959. Lake water and sediment V. Oxygen consumed
in water over sediment cores. Limnology and Oceanography 4:291-289.
Hermanson, M. H., 1990. 210Pb and 137Cs chronology of sediments from small, shallow
Arctic lakes. Geochimica et Cosmochimica Acta 54:1443-1451.
Hershey, A. E., S. Beaty, K. Fortino, M. Keyse, P. P. Mou, W. J. O’Brien, A. J. Ulseth,
G. A. Gettel, P. W. Lienesch, C. Luecke, M. E. McDonald, C. H. Mayer, M. C. Miller,
C. Richards, A. Schuldt, and S. C. Whalen, 2006. Eﬀect of landscape factors on ﬁsh
distribution in arctic Alaskan lakes. Freshwater Biology 51:39-55.
Higashino, M., C. J. Gantzer, and H. Stefan, 2004. Unsteady diﬀusional mass transfer
at the sediment/water interface: Theory and signiﬁcance for sod measurement. Water
Research 38:1-12.
Hilton, J. and M. M. Gibbs, 1985. The horizontal distribution of major elements and
organic matter in the sediment of Esthwaite Water, England. Chemical Geology 47:57-
83.
Hilton, J., J. P. Lishman, and P. V. Allen, 1986. The dominant processes of sediment distri-
bution and focusing in a small, eutrophic, monomictic lake. Limnology and Oceanography
31:125-133.
Hobbie, J. E., T. Traaen, P. Rublee, J. P. Reed, M. C. Miller, and T. Fenchel, 1980. Lim-
nology of Tundra Ponds, chapter Decomposers, bacteria, and microbenthos. Dowden,
Hutchensen and Ross.
Holland, A. F., R. G. Zingmark, and J. M. Dean, 1974. Quantitative evidence concerning
the the stabilization of sediments by marine benthic diatoms. Marine Biology 27:191-
196.
Houser, J., D. Bade, J. Cole, and M. Pace, 2003. The dual inﬂuences of dissolved organic
carbon on hypolimnetic metabolism: organic substrate and photosynthetic reduction.
Biogeochemistry 64:247–269.
Houser, J. N., 2006. Water color aﬀects the stratiﬁcation, surface temperature, heat
content, and mean epilimnetic irradiance of small lakes. Canadian Journal Of Fisheries
And Aquatic Sciences 63:2447–2455.
144
Hulthe, G., S. Hulth, and P. O. J. Hall, 1998. Eﬀect of oxygen on degradation rate of
refractory and labile organic matter in continental margin sediments. Geochimica et
Cosmochimica Acta 62:1319–1328.
Huttunen, J. T., T. S. Vaisanen, M. Heikknene, S. Hellsten, H. Nylanene, O. Nenonen,
and P. J. Martikainen, 2002. Exchange of CO2, CH4, and N2O between the atmosphere
and two northern boreal ponds with catchments dominated by peatlands and forests.
Plant and Soil 242:137-146.
Jia, G. J., E. H. E, and W. D. A, 2003. Greening of arctic Alaska, 1981 2001. Geophysical
Research Letters 30:2067.
Jones, J. G. and B. M. Simon, 1980. Decomposition processes in the profundal region of
blelham tarn and the lund tubes. Journal of Ecology 68:493-512.
Jonsson, A., J. Karlsson, and M. Jansson, 2003. Sources of carbon dioxide supersaturation
in clearwater and humic lakes in northern Sweden. Ecosystems 6:224–235.
Karlsson, J., P. Bystro¨m, J. Ask, P. Ask, L. Persson, and M. Jansson, 2009. Light limitation
of nutrient-poor lake ecosystems. Nature 460:506–510.
Kirk, J. T. O., 1994. Light and Photosynthesis in Aquatic Ecosystems, chapter Absorption
of light in the aquatic medium: The major light-absorbing components of the aquatic
system. Cambridge University Press, second edition.
Kling, G. W., G. W. Kipphut, and M. C. Miller, 1991. Arctic lakes and streams as gas
conduits to the atmosphere: Implications for tundra carbon budgets. Science 251:298–
301.
Kortelainen, P., H. Pajunen, M. Rantakari, and M. Saarnisto, 2004. A large carbon pool
and small sink in boreal Holocene lake sediments. Global Change Biology 10:1648-1653.
Kortelainen, P., M. Rantakari, J. T. Huttunen, T. Mattsson, J. Alm, S. Juutinen, T. Lar-
mola, J. Silvola, and P. J. Martikainen, 2006. Sediment respiration and lake trophic
state are important predictors of large CO2 evasion from small boreal lakes. Global
Change Biology 12:1554–1567.
Kristensen, E., 2000. Organic matter diagenesis at the oxic/anoxic interface in coastal
marine sediments, with emphasis on the role of burrowing animals. Hydrobiologia 426:1–
24.
Kristensen, E. and M. Holmer, 2001. Decomposition of plant material in marine sediments
exposed to diﬀerent electron acceptors, with empahsis on substrate origin, degradation
kinetics, and the role of bioturbation. Geochimica et Cosmochimica Acta 63:419–433.
Larsen, C. P. S. and G. M. MacDonald, 1993. Lake morphometry, sediment mixing and the
selection of sites for ﬁne resolution paleoecological studies. Quaternary Science Reviews
145
12:781-792.
Lasenby, D. C., 1975. Development of oxygen deﬁcits in 14 southern ontario lakes. Lim-
nology and Oceaography 20:993–999.
Lehmann, M. F., S. M. Bernasconi, A. Barbieri, and J. A. McKenzie, 2002. Preservation
of organic matter and alteration of its carbon and nitrogen isotope composition during
similated and in situ early sedimentary diagenesis. Geochimica et Cosmochimica Acta
66:3573–3584.
Levine, M. A. and S. C. Whalen, 2001. Nutrient limitation of phytoplankton production
in alaskan arctic foothill lakes. Hydrobiologia 455:189–201.
Liikanen, A., T. Murtoniemi, H. Tanskanen, T. Vaisanen, and P. J. Martikainen, 2002.
Eﬀects of temperature and oxygen availability on greenhouse gas and nutrient dynamics
in sediment of a eutrophic mid-boreal lake. Biogeochemistry 59:269–286.
Lindeman, R. L., 1942. The trophic-dynamic aspect of ecology. Ecology 23:394–417.
Linsey, G. A. and D. C. Lasenby, 1985. Comparison of summer and winter oxygen con-
sumption rates in a temperate dimictic lake. Canadian Journal of Fisheries and Aquatic
Science 42:1634–1639.
Livingstone, D. A., K. Bryan, and R. G. Leahy, 1958. Eﬀects of an arctic environment on
the origin and development of freshwater lakes. Limnology and Oceanography 3:192–214.
Lojen, S., N. Ogrinc, and T. Dolenec, 1999. Decomposition of sedimentary organic matter
and methane formation in the recent sediment of Lake Bled (Slovenia). Chemical Geology
159:223–240.
Lorke, A., M. Mu¨ller, M. Maerki, and A. Wu¨est, 2003. Breathing sediments: The control
of diﬀusive transport across the sediment-water interface by periodic boundary-layer
turbulence. Limnology and Oceanography 48:2077-2085.
Lovett, G. M., J. J. Cole, and M. L. Pace, 2006. Is net ecosystem production equal to
ecosytem carbon accumulation? Ecosystems 9:1–4.
Madigan, M. T., J. M. Martinko, and J. Parker, 2000. Brock Biology of Microorganisms.
Prentice-Hall.
Mazumder, A. and W. Taylor, 1994. Thermal structure of lakes varying in size and water
clarity. Limnology And Oceanography 39:968–976.
Meyers, P. A. and R. Ishiwatari, 1993. Lacustrine organic geochemistry-an overview of
indicators of organic matter sources and diagenesis in lake sediments. Organic Geochem-
istry 20:867-900.
146
Molot, L. M. and P. J. Dillon, 1996. Storage of terrestrial carbon in boreal lake sediments
and evasion to the atmosphere. Global Biogeochemical Cycles 10:483–492.
Muri, G. and T. Simc˘ic˘, 2004. Respiratory activity in sediments of three mountain lakes
in the Julian Alps in subalpine Lake Bled (Slovenia): eﬀects of altitude and anthropic
inﬂuence. Aquatic Microbial Ecology 34:291-299.
Myneni, R., C. Keeling, C. Tucker, G. Asrar, and R. Nemani, 1997. Increased plant growth
in the northern high latitudes from 1981 to 1991. Nature 386:698–702.
Neﬀ, J. and D. Hooper, 2002. Vegetation and climate controls on potential CO2, DOC
and DON production in northern latitude soils. Global Change Biology 8:872–884.
Nozhevnikova, A. N., C. Holliger, A. Ammann, and A. J. B. Zehnder, 1997. Methanogen-
esis in sediments from deep lakes at diﬀerent temperatures (2 - 70o c). Water Science
Technology 36:57-64.
O’Brien, W. J., M. Barﬁeld, N. Bettez, A. E. Hershey, J. E. Hobbie, G. Kipphut, G. Kling,
and M. C. Miller, 2005. Long-term response and recovery to nutrient addition of a
partitioned lake. Freshwater Biology 50:731–741.
Oechel, W. C., G. L. Vourlitis, S. J. Hastings, R. C. Zulueta, L. Hinzman, and D. Kane,
2000. Acclimation of ecosystem CO2 exchange in the Alaskan Arctic in response to
decadal climate warming. Nature 406:978–981.
Ogrinc, N., S. Lojen, and J. Faganeli, 1997. The sources of dissolved inorganic carbon in
porewaters of lacustrine sediment. Water, Air, and Soil Pollution 99:333–341.
Overpeck, J., K. Hughen, D. Hardy, R. Bradley, R. Case, M. Douglas, B. Finney,
K. Gajewski, G. Jacoby, A. Jennings, S. Lamoureux, A. Lasca, G. MacDonald, J. Moore,
M. Retelle, S. Smith, G. Wolfe, and G. Zielinski, 1997. Arctic environmental change of
the last four centuries. Science 278:1251-1256.
Pace, M. and Y. T. Prairie, 2005. Respiration in Aquatic Ecosystems, chapter Respiration
in lakes. Oxford University Press.
Park, S. S. and P. R. Jaﬀe, 1999. A numerical model to estimate sediment oxygen levels
and demand. Journal of Environmental Quality 28:1219–1226.
Paterson, D. M., 1989. Short-term changes in the erodibility of intertidal cohesive sedi-
ments related to the migratory behavior of epipelic diatoms. Limnology and Oceanog-
raphy 34:223-234.
Ping, C. L., J. G. Bockheim, J. M. Kimble, G. J. Michaelson, and D. A. Walker, 1998.
Characteristics of cryogenic soils along a latitudinal transect in arctic alaska. Journal
of Geophysical Research 103:28917–28928.
147
Prairie, Y. T., D. F. Bird, and J. J. Cole, 2002. The summer metabolic balance in the
epilimnion of southeastern quebec lakes. Limnology and Oceanography 47:316–321.
R Development Core Team, 2009. R: A Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0.
Ramlal, P. S., R. H. Hesslein, R. E. Hecky, E. J. Fee, J. W. M. Rudd, and S. J. Guilford,
1994. The organic carbon budget of a shallow Arctic tundra lake on the Tuktoyaktuk
Peninsula, N. W. T., Canada. Biogeochemistry 24:145-172.
Rasmussen, H. and B. B. Jørgensen, 1992. Microelectrode studies of seasonal oxygen
uptake in a coastal sediment: role of molecular diﬀusion. Marine Ecology Progress
Series 81:289-303.
Reche, I., M. L. Pace, and J. J. Cole, 1999. Relationship of trophic and chemical condi-
tions to photobleaching of dissolved organic matter in lake ecosystems. Biogeochemistry
44:259-280.
Schindler, D., P. Curtis, S. Bayley, B. Parker, K. Beaty, and M. Stainton, 1997. Climate-
induced changes in the dissolved organic carbon budgets of boreal lakes. Biogeochemistry
36:9–28.
Sehgal, H. S. and E. B. Welch, 1991. A case of unusulally high oxygen-demand in a
eutrophic lake. Hydrobiologia 209:235–243.
Shaver, G., 2005. Hourly weather data from Toolik Field Station, Toolik Lake,
Alaska for 2005. Arctic LTER, Marine Biological Laboratory, Woods Hole, MA,
02543. 2005dltlh.01. http://metacat.lternet.edu/knb/dataAccessServlet?docid=knb-
lter-arc.10022&urlTail=weather/tl/data/2005dltlh.dat .
Shaver, G., 2006. Hourly weather data from Toolik Field Station, Toolik Lake,
Alaska for 2006. Arctic LTER, Marine Biological Laboratory, Woods Hole, MA,
02543. 2006dltlh.01. http://metacat.lternet.edu/knb/dataAccessServlet?docid=knb-
lter-arc.1651&urlTail=weather/tl/data/2006dltlh.dat .
Shaver, G., 2007. Hourly weather data from Toolik Field Station, Toolik Lake,
Alaska for 2007. Arctic LTER, Marine Biological Laboratory, Woods Hole, MA,
02543. 2007dltlh.01. http://metacat.lternet.edu/das/dataAccessServlet?docid=knb-
lter-arc.10017&urlTail=weather/tl/data/2007dltlh.dat .
Shaver, G., 2008. Hourly weather data from Toolik Field Station, Toolik Lake,
Alaska for 2008. Arctic LTER, Marine Biological Laboratory, Woods Hole, MA,
02543. 2008dltlh.01. http://metacat.lternet.edu/knb/dataAccessServlet?docid=knb-
lter-arc.10022&urlTail=weather/tl/data/2008dltlh.dat .
Shaver, G. R., W. D. Billings, F. S. Chapin, A. E. Giblin, K. J. Nadelhoﬀer, W. C. Oechel,
and E. B. Rastetter, 1992. Global change and the carbon balance of arctic ecosystems.
148
Bioscience 42:433–441.
Simc˘ic˘, T. and A. Brancelji, 2002. Intensity of mineralization processes in mountain lakes
in nw slovenia. Aquatic Ecology 36:345-354.
Sobek, S., E. DruischKaiser, R. Zurbru¨gg, N. Wongfun, M. Wessels, N. Pasche, and
B. Wehrli, 2009. Organic carbon burial eﬃciency in lake sediments controlled by oxygen
exposure time and sediment source. Limnology and Oceanography 54:2243-2254.
Sobek, S., L. J. Tranvik, and J. J. Cole, 2005. Temperature independence of carbon
dioxide supersaturation in global lakes. Global Biogeochemical Cycles 19:GB2003,
doi:10.1029/2004GB002264.
Soetaert, K., P. M. J. Herman, and J. J. Middelburg, 1996. Dynamic response of deep sea
sediments to seasonal variations: A model. Limnology and Oceaography 41:1651–1668.
Stallard, R. F., 1998. Terrestrial sedimentation and the c cycle: coupling weathering and
erosion to carbon storage. Global Biogeochemical Cycles 12:231-237.
Stanley, D. W., 1976a. A carbon ﬂow model of epipelic algal productivity in alaskan tundra
ponds. Ecology 57:1034–1042.
Stanley, D. W., 1976b. Productivity of epipelic algae in tundra ponds and a lake near
barrow, alaska. Ecology 57:1015–1024.
Sturm, M., J. Schimel, G. Michaelson, J. Welker, S. Oberbauer, G. Liston, J. Fahnestock,
and V. Romanovsky, 2005. Winter biological processes could help convert arctic tundra
to shrubland. Bioscience 55:17–26.
Sugai, S. F. and G. W. Kipphut, 1992. The inﬂuence of light and nutrient addition upon
the sediment chemistry of iron in an arctic lake. Hydrobiologia 240:91–101.
Sweerts, J. P., J. W. M. Rudd, and C. A. Kelly, 1986. Metabolic activities in ﬂocculent
surface sediments and underlying sandy littoral sediments. Limnology and Oceaography
31:330–338.
Sweerts, J. P. R. A., M. J. Bargilissen, A. A. Cornelese, and T. E. Cappenberg, 1991.
Oxygen-consuming processes at the profundal and littoral sediment water interface of a
small meso-eutrophic lake (Lake Vechten, The Netherlands). Limnology and Oceaogra-
phy 36:1124–1133.
Thamdrup, B., J. W. Hansen, and B. B. Jorgensen, 1998. Temperature dependence of
aerobic respiration in a coastal sediment. FEMS Microbiology Ecology 25:189–200.
Torgersen, T. and B. Branco, 2007. Carbon and oxygen dynamics of shallow aquatic
systems: Process vectors and bacterial productivity. Journal of Geophysical Research-
Biogeosciences 112:G03016, doi:10.1029/2007JG000401.
149
Tranvik, L. J., J. A. Downing, J. B. Cotner, S. A. Loiselle, R. G. Striegle, T. J. Ballatore,
P. Dillon, K. Finlay, K. Fortino, L. B. Knoll, P. L. Kortelainen, T. Kutser, S. Larsen,
I. Laurion, D. M. Leech, S. L. McCallister, D. M. McKnight, J. M. Melack, E. Overholt,
J. A. Porter, Y. Prairie, W. H. Renwick, F. Roland, B. S. Sherman, D. W. Schindler,
S. Sobek, A. Tremblay, M. J. Vanni, A. M. Verschoor, E. von Wachenfeldt, and G. S.
Weyhenmeyer, 2009. Lakes and reservoirs as regulators of carbon cycling and climate.
Limnology and Oceanography 54:2298-2314.
Tranvik, L. J. and M. Jansson, 2002. Climate change - Terrestrial export of organic carbon.
Nature 415:861–862.
Vadeboncoeur, Y., E. Jeppesen, M. J. Vander Zanden, S. Hans-Henrik, K. Christoﬀersen,
and D. M. Lodge, 2003. From Greenland to green lakes: Cultural eutrophication and
the loss of benthic pathways in lakes. Limnology and Oceanography 48:1408–1418.
Vadeboncoeur, Y., D. M. Lodge, and S. R. Carpenter, 2001. Whole-lake fertilization eﬀects
on the distribution of primary production between benthic and pelagic habitats. Ecology
82:1065–1077.
Vadeboncoeur, Y., G. Peterson, M. J. Vander Zanden, and J. Kalﬀ, 2008. Benthic algal
production across lake size gradients: Interactions among morphometry, nutrients, and
light. Ecology 89:2542–2552.
Vadeboncoeur, Y., M. J. Vander Zanden, and L. D. M, 2002. Putting the lake back
together: Reintegrating benthic pathways into lake food web models. Bioscience 52:44–
54.
Vrecˇa, P., 2003. Carbon cycling at the sediment-water interface in a eutrophic mountain
lake (Jezero ne Planini Pri Jezeru, Slovenia). Organic Geochemistry 34:671–680.
Walker, D. A., 2000. Hierarchical subdivision of arctic tundra based on vegetation response
to climate, parent material and topography. Global Change Biology 6:19-34.
Welschmeyer, N. A., 1994. Flurometric analysis of chlorophyll a in the presence of choloro-
phyll b and pheopigments. Limnology and Oceanography 39:1985-1992.
Wetzel, R. G., 2001. Limnology: Lake and River Ecosystems. Academic Press.
Wetzel, R. G. and G. E. Likens, 2000. Limnological Analyses. Springer-Verlag.
Whalen, S. C., B. A. Chalfant, and E. N. Fischer, 2008. Epipelic and pelagic primary
production in Alaskan Arctic lakes of varying depth. Hydrobiologia 614:243–257.
Whalen, S. C., B. A. Chalfant, E. N. Fischer, K. Fortino, and A. E. Hershey, 2006.
Comparative inﬂuence of resuspended glacial sediment on physiochemical characteristics
and primary production in two arctic lakes. Aquatic Sciences 68:65-77.
150
Worrall, F. and T. Burt, 2004. Time series analysis of long-term river dissolved organic
carbon records. Hydrological Processes 18:893–911.
Worrall, F., T. Burt, and J. Adamson, 2004. Can climate change explain increases in DOC
ﬂux from upland peat catchments? Science Of The Total Environment 326:95–112.
Yu, N. and D. Culver, 2000. Can zebra mussels change stratiﬁcation patterns in a small
reservoir? Hydrobiologia 431:175–184.
Zepp, R. G., 2003. UV Eﬀects in Aquatic Organisms and Ecosystems, chapter Solar
UVR and aquatic carbon, nitrogen, sulfur and metals cycles, pages 137–183. The Royal
Society of Chemistry.
151
